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Abstract

In this work, properties of binary and ternary gas-phase nanoparticles prepared by DC mag-
netron sputtering were studied. Formation of metastable alloy phases of immiscible binary
systems and their transformation after thermal treatment were investigated in Fe-Cu and
Fe-Ag nanoparticles. The stabilization of chemically ordered L1, phase and suppression
of twinned structure formation was investigated in Fe-Pt-Cu particles.

In Fe-Cu nanoparticles - Fe7;Cusys, FegoCuyg and Feo;Cuzs - formation of metastable
Fe-Cu alloys was observed. After thermal treatment iron and copper in Feg,Cuyy and
Fe;;Cuys particles segregated via spinodal decomposition into Fe,;.; and Cu,;., regions.
In Feo5Cur; particles phase segregation occurs via nucleation and growth. The thermal
stability of Fe-Cu nanoalloys decreases with increasing Cu concentration.

The asymmetrical fully segregated Janus -dumbbell and “raspberry” Fe-Ag particles
annealed at 1273 K were produced at 0.5 mbar pressure at different gas flow rates. The
particles are unstable over time under atmospheric conditions, and their ageing leads the
full or partial encapsulation of silver by iron oxide.

Primary and annealed at 1273 K FePt-Cu nanoparticles with average concentrations of
Cu=35,7, 11 and 24 at.% were prepared at 0.5 mbar pressure. Adding of 24 at.% Cu
led to drastic changes in structure and morphology in both annealed and primary FePt-
Cu particles in comparison to FePt nanoparticles prepared under the same conditions. In
the primary FePt-Cu sample three different particle morphologies are found: one third of
them have single-crystal partially L1, ordered octahedra, the rest are single crystal fcc
disordered cubooctahedra and multi-twinned fcc disordered icosahedra. After annealing
at 1273 K approximately 95% particles become single-crystal and at least 40 % of them

possess ordered L1 structure.



Zusammenfassung

In dieser Arbeit wurden die Eigenschaften binérer und ternirer Nanopartikel untersucht.
Diese wurden durch DC-Magnetronsputtern aus der Gas-Phase prépariert. Die Bildung
metastabiler Legierungsphasen unvermischbarer bindrer Systeme und ihre Verinderung
nach Hitzebehandlung wurden in Fe-Cu und Fe-Ag Nanopartikeln untersucht. Die Sta-
bilisierung der chemisch geordneten L1, Phase und die Unterdriickung der Entstehung von
Zwillingsstrukturen wurden in Fe-Pt-Cu untersucht.

In Fe-Cu Nanopartikeln, der Zusammensetzungen Fe;;Cuss, FegoCuyy und FeysCuzs,
wurde die Bildung metastabiler Fe-Cu Legierungen beobachtet. Nach der Hitzebehandlung
segregierten die FegyCuyo und Fe;5Cuss Partikel durch spinodale Entmischung in Fe- bzw.
Cu-reiche Gebiete. In Fey5Curs-Partikeln geschieht die Entmischung durch Nukleation
und Wachstum. Mit steigendem Cu-Anteil verringert sich die thermische Stabilitdt von
FeCu-Nanolegierungen.

Die Fe-Ag Partikel wurden bei 0.5 mbar mit verschiedenen Gasflussraten hergestellt.
Nach annealen bei 1273 K zeigten sich diese als vollstindig entmischte asymetrische Janus-
partikel (Dumbbell und Raspberry). Diese Partikel sind unter Normalbedingugen nicht sta-
bil. Nach einer Zeitspane von mehreren Monaten sind diese zu vollstidndig oder teilweise
von Eisenoxid umschlossenen Silberpartikeln gealtert.

Primire, sowie bei 1273 K annealte FePt-Cu, Nanopartikel wurden mit durchschnit-
tlichen Kupferkonzentrationen von 5, 7, 11, und 24 at.% bei 0.5 mbar hergestellt. Die
Priparation mit 24 at.% fiihrte zu massiven Anderungen der Struktur und Morphologie
der Partikel. Unter den Priméren FePt-Cu-Nanopartikeln fanden sich drei verschiedene
Morphologieen: Ein Drittel der Partikel sind einkristalline, teilweise L1j-geordnete Ok-
taeder, bei den iibrigen Partikeln handelt es sich um einkristalline chemisch ungeordnete
fcc-Kuboktaeder und mehrfachverzwillingte chemisch ungeordnete fcc lIkosaeder. Nach
sintern bei 1273 K verbleiben etwa 95 % einkristalline Partikel, von denen wenigstens

40% eine geordnete L1, Struktur besitzen.
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Chapter 1

Introduction

1.1 Motivation and research objectives.

Synthesis of nanoparticles with controlled properties is an important branch of nanoscale
science and engineering. Nanoparticles can be prepared by a variety of methods which
can be classified into two main categories: wet-chemical (colloidal) and gas-phase. Both
methods have advantages and disadvantages and their suitability depends on the aims of
particular investigations.

Gas-phase nanoparticles are formed in a thermodynamically unstable vapor which fa-
vors the precipitation of the solid material. Under such conditions, that is supersaturation,
particles nucleate homogeneously [1]. Their properties depend on a variety of parame-
ters including supersaturation rate and time particles spend in the nucleation and growth
zone. The formation of particles occurs rapidly (milliseconds to seconds) and in a rela-
tively uncontrolled fashion compared to the formation of particles when colloidal methods
are used. However, the gas-phase methods are advantageous in several respects. First, the
absence of a liquid solution and surface ligands allows to synthesize high-purity compos-
ites. Second, thermal treatment of the particles can be included in the preparation process,
so that the particles can be annealed in the vapor phase before deposition. This prevents

any unwanted agglomeration. Third, in the case of alloy particles, due to the rapid heating-
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cooling regime intrinsic to gas-phase preparation, metastable phases with unique properties
can also be obtained.

The formation of monometallic particles in the gas phase has been widely studied [2].
However, preparing multi-phase nanoparticles with desired properties can be quite chal-
lenging due to the complex and not yet well-understood dependence of the particle’s struc-
ture, morphology and phase formation behavior on preparation parameters.

This work is on the phase formation and structural properties of three nanoparticles
systems Fe-Cu, Fe-Ag and Fe-Pt-Cu prepared by magnetron sputtering. The experimental
setup incorporates in-flight annealing of the particles to avoid aggregation, which is usually
the case when samples are annealed after deposition on a substrate. The first two systems,
Fe-Cu and Fe-Ag, are immiscible in the equilibrium state [3] and phase segregation is
expected to occur during in-flight annealing of gas-phase-prepared nanoparticles. Segrega-
tion is expected to lead to the formation of various morphologies and structures due to the
inhomogeneous compositional distribution of the elements occurring during the annealing
stage, including core-shell-like structures having new properties.

The FePt alloy in the L1, crystallographic phase is known to possess a large magnetic
anisotropy energy density K = 7 x 10° J/m3, large magnetic moment and high oxidation
resistance [4], so L1, FePt nanoparticles are considered to be suitable material for high-
density magnetic storage media technology. The main challenge here lies in the prepara-
tion of sufficiently small (6-10 nm) nanoparticles and at the same time stable L1, phase.
Although L1j is a thermodynamically stable structure of bulk FePt at room temperature,
this structure does not readily occur in nanoparticles prepared both by wet chemical and
gas-phase methods. The transformation to the L1y phase requires the diffusion of the Fe
and Pt atoms and depends on the availability of vacancies over which atoms can exchange
positions and acquire their equilibrium positions. If the vacancies are insufficient, diffusion
cannot take place, and the particles remain in the metastable disordered fcc state. Another
complication arises from the fact that small FePt particles tend to possess a multi-twinned

polycrystalline structure [5] and thus become unsuitable for magnetic recording. In order
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to enhance the diffusion by lowering the fcc-L10 transition temperature to stabilize the L1,
phase and to suppress the formation of twins, Cu is introduced to FePt. The structural and

magnetic properties of such Fe-Pt-Cu nanoparticles were studied.

1.2 Preparation of gas-phase nanoparticles by DC mag-

netron sputtering.

1.2.1 Basics of DC magnetron sputtering.

o alom sputtered
fram target

line of force
of magnetic-field

anode

Figure 1.1: Schematic representation of a sputtering system. Source:
http://www.polymedia.ch/OpArticles/view/57

Fig.1.1 shows a schematic representation of a sputtering system. The source of the
sputtering material (sputtering target) is connected to a DC power supply and serves as a
cathode. The target is positioned in a vacuum chamber which is grounded. The sputtering
gas (usually, Ar) is introduced into the chamber. If the electric field is strong enough, it

creates a glow discharge plasma near the surface of the target which consists of ionized
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Ar atoms (Ar") and electrons. Ar* ions are accelerated towards the target and eventually
collide with it, ejecting the target material atoms. The sputtering gas also serves as carrier
gas. In magnetron sputtering systems magnets are placed behind the target to trap the
electrons and increase the possibility of Ar to ionize, therefore increasing the sputtering

yield.

1.2.2 Formation of nanoparticles in the gas-phase.

Nanoparticles produced by magnetron sputtering are formed by the gas-phase conden-
sation process. The sputtered material forms a vapor, in which small nuclei begin to form
after reaching supersaturation conditions. After the nucleation phase, the nuclei grow into
bigger particles either by adding atoms to the surface (surface-growth) or several nuclei
merge (coalescence). Several particles may stick together (coagulation) and form agglom-
erates ( [6], also see Fig.1.2). The nucleation-growth processes depend on vapor conditions,

such as number of nuclei, vapor temperature, cooling rate, etc.

1.2.3 Factors influencing the properties of nanoparticles prepared by

magnetron sputtering.

The formation and final state of the nanoparticles (structure, size and morphology) is
determined by the thermal conditions during particle-formation [7]. The schematic rep-
resentation of energy exchange in a magnetron sputtering system is shown in Fig.1.3 (a).
Ar™ ions gain kinetic energy are accelerated by a dc electric field towards the sputter target.
Atoms are ejected out of the target with a kinetic energy transferred from the accelerated
high-energy Ar" ions. When the gas reaches supersaturation, particles begin to form. The
particles are then cooled by collisions with neutral Ar atoms. Thus, the Ar gas serves as
an energy drain. During the process of particle formation, energy is transferred between
low-energy Ar atoms, high-energy Ar™ ions and nanoparticles.

Investigations given in reference [7] demonstrated that structure and morphology of
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Figure 1.2: Schematic illustration of the processes that contribute to particle growth in
gas-phase. Z: distance from the target, T: temperature. Taken from [6].

alloy nanoparticles (in this case FePt) strongly depend on their initial energy, cooling rate
and whether particle-formation occurs via surface-growth or coalescence (see Fig.1.3 (b)).
The thermal environment can be controlled by the sputtering parameters discussed below.
Sputtering gas and target atoms energies. The average ion energy I; in a plasma is
given by [8]:
E; =0.733 x Vpe(eV), (1.1)

where Ve is the dc target voltage. For a typical voltage-value of 250 V the argon
ions have an energy around 183 eV corresponding to a thermal energy of around 2.1 x
10° K. The energy of the sputtered atoms usually varies from 5 to 20 eV (9 eV for iron
atom), which corresponds to thermal energies ranging from 5.8 x 10* K to 2.3 x 10° K.
The higher the initial energy of Ar' ions and target atoms, the lower is the cooling rate.

However, the final state of the particles will also depend on the nucleation and growth
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Figure 1.3: (a) Schematic representation of energy exchange in a dc magnetron sputtering
system. (b) Thermal environment (energy) during the formation of gas-phase FePt nanopar-
ticles and corresponding resulting structure of particles. The z axis represents the distance
from the sputtering gun. Taken from [7].

processes. Particles formed only by surface-growth (before the coalescence starts) have a
better size distribution and crystallinity. If the initial kinetic energy is too high, the cooling
will proceed too slow and the coalescence phase will start. The thermal environment can
be also controlled by adding He to the gas mixture. He lowers the initial ion energy and
increases the cooling rate.

Sputter gas flow rate. The flow rate of the sputter gas determines the time for the
nanoparticle nucleation and growth processes, also known as the aggregation time or resi-
dence time. Longer aggregation times lead to a larger average size of the particles and to a
broader size distribution.

Sputter gas pressure. The sputter gas pressure determines the number of ejected target
atoms and the collisions between the target atoms and Ar atoms. High gas pressures pro-
duce more nucleation sites and faster cooling rates. In general, the higher the gas pressure
the broader is the size distribution and larger is the average particle size.

Magnetron plasma. Another important parameter is the density and shape of the mag-
netron plasma. A magnetic field is used to trap the secondary electrons to increase the

probability of Ar to ionize. Thus, the plasma properties strongly correlate with the pro-
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file of the magnetic field. The profile strongly depends on the target material; particulary
its magnetic permeability. If a ferromagnetic target is used, most of the magnetic flux is
trapped inside the target. Therefore, the target should be thin enough to have sufficient
magnetic flux for effective sputtering near the target surface.

A high magnetic permeability of the target also leads to a non-uniform distribution
of the magnetic flux and plasma density. The typical distribution of the magnetic flux
(2D representation) is shown in Fig.1.1 (see also Fig.1.25(c)). The resulting plasma has a
toroidal form (see Fig.1.25(a)). The non-uniformity of the plasma density leads to a non-
uniform thermal environment during particle-formation, and therefore, to a non-uniform
distribution of the particle-properties. Also, prolonged sputtering leads to the formation of
a non-uniform erosion profile of the target (Fig.1.1) which means that the magnetic flux
distribution (as it depends on target thickness) will also change with time.

In summary. The properties of the particles prepared by magnetron sputtering are very
sensitive to sputtering parameters. In general, to achieve a smaller average size and a
narrow size distribution, a high gas-flow and a low sputtering gas-pressure should be used.
However, the final morphology and crystal structure of the particles strongly depend on
the thermal environment and the cooling rate, which have to be adjusted depending on the
sputter material. The thermal environment and cooling rates are closely connected to the

plasma shape.

1.3 Basics of alloy formation and phase segregation.

1.3.1 Solid solubility of metals. Phase diagrams.

When two or more kinds of metal atoms share sites randomly in a crystal lattice, they
form a solid solution (alloy). Whether or not a metal can form an alloy (assuming the
system has reached thermodynamic equilibrium) depends on material parameters, relative

concentrations and temperature. A graphical representation of the phases of a multicom-
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ponent system is called a phase diagram. Usually, a temperature-composition (T-x) type
of a diagram is used. T-x diagrams of binary Fe-Cu, Fe-Ag and Fe-Pt system are shown
in Fig.1.12, Fig.1.18 and Fig.1.20, respectively. Fig.1.27 demonstrates the section of the
ternary Fe-Pt-Cu phase diagram at 1000° C. Already, these few diagrams show that solid
solubility and its range in temperature and composition vary greatly from system to system.
For example, Fe and Pt form an alloy in a large concentration range, while Fe and Ag are
almost completely immiscible.

If elements are soluble for all concentrations, they form a continuous series of solid
solutions. Phases with concentrations close to pure elements are called primary phases and
usually have the same structure as the dominating element. Others are intermediate phases
which may possess structures different from the pure elements.

The elements may be randomly distributed in the crystal lattice creating a random solid
solution (for example, Al phase of Fe-Pt) or may prefer a certain type of crystal sites
forming a fully or partially ordered solution (L1, FePt). The order in solid solution is also
called a superlattice. It is also possible for atoms of one element to form clusters within
the solution which may be randomly scattered or ordered, creating complex structures.

The phase diagram of a multicomponent metallic system is characterized by the extent
of the solid solubility of phases, the stability of phases, the temperature dependence of
stability and phases structures. The stability and resulting structure of a particular phase in

a binary system is determined by the Gibbs energy G:

AGg(za,x5;T) = Gs(za,x5;T) — xaGA(T) — 25Gp(T), (1.2)

where G4 and G are the molar Gibbs free energies of the pure metals A and B,
Gs(xa,xp;T) is the Gibbs free energy of the solid solution with atomic concentrations
x4 and xp=1- z4. The calculated values of Gibbs energies (G4 for Fe, Cu, Ag and Pt are
presented in Table 1.1.

In absence of intermediate phases the necessary condition for solid solution formation
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Table 1.1: Calculated molar Gibbs free energies G4 for Fe, Cu, Ag and Pt at temperature
T =293 K and pressure P = 10° Pa [9]

Element | G4, kJ - mol™*
Fe (bcc) -1.65
Cu (fco) -9.71
Ag (fce) -12.47
Pt (fce) -12.20
is:
AGg(xa,2p;T)<O0. (1.3)

In the case when several phases exist, the solid solubility is calculated by compar-
ing AGg(xa,xp; T) with the Gibbs free energies of all possible competing phases A, Bj
AG ap(a, B;T).

If intermediate phases do not exist, the free energy of formation can be expressed as:

AG = AH — TAS, (1.4)

where A H and AS are the enthalpy and entropy of formation, respectively. The entropy
of solid solution formation is usually positive and includes contribution from effects such

as distribution of magnetic moments, clustering of atoms and long range ordering.

1.3.2 Parameters governing solid solubility.

Systematic studies of phase diagrams for various systems allowed to determine the
principles that govern alloy formation. These principles were formulated by Hume-Rothery
in 1930 (see [10], chapter 3 and references therein) and are called the Hume-Rothery rules.

The first Hume-Rothery rule states that if the atomic sizes of solvent and solute differ
by more than 15% the formation of a solid solution is restricted. Waber et al. (see [10],
reference Waber et al. [1963]) tested this rule on more than 1000 solid solutions and found

that 90% of the elemental combinations which should be insoluble actually exhibited a
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certain degree of solubility, and on the other hand, only half of the systems predicted to be
soluble were actually soluble. For example, Fe and Cu have similar atomic size (126 and
128 pm, respectively), however, these two elements are immiscible in a large concentration
range.

The second Hume-Rothery rule states that the electrochemical nature of the two el-
ements must be similar to form a solid solution. In other words, the solid solubility of
two metals depends on the difference of electronegativities, A=y 4-p, of its compo-
nents. This difference induces a transfer of electronic charge from the less electronega-
tive to the more electronegative atom until the electronegativities are equalized in the alloy.
The smaller the difference in electronegativity, the more likely is the formation of the solid
solution.

The third Hume-Rothery rule states that in order to achieve complete solubility, two
metals are required to have the similar valency (or valence electron concentration per atom
e/a). The experimental results on transition metal alloys ( [11]) however showed that this
rule only worked in 50% of systems. Nevertheless, this rule can be reformulated by broad-
ening the definition of valency considering all s, p and d electrons that are involved in the
alloying process. For example, it has been considered for a long time that only the s and
p electrons in metals with fully occupied d-bands determine the solubility. However there
is the possibility of transferring electrons from the d band to the conduction band and the
presence of s-d hybridization during solid solution formation, which makes the situation
more complex.

Miedema and coworkers [12] developed an empirical model which proved to be quite
successful for predicting solid solubilities of metals [13]. This model is based on a concept
of Wigner-Seitz atomic cells. The Wigner-Seitz cell is the smallest polyhedron constructed
by bisecting planes perpendicular to the lines joining the atoms in question to their nearest
neighbors. The parameters governing the solid solubility of metals A and B are elemental
concentrations X 4 and X g, electronegativities ¢4 and g, and electron densities at the

boundaries of Wigner-Seitz atomic cells n,(A) and n,(B). The electron density in the
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alloy must be continuous across the boundary between atomic cells of two types of metal
atoms. The energy required to smoothen out the difference between electron densities at the
atomic cell boundaries is proportional to (ni/ J(A) - n;/ °(B))2. The enthalpy of formation

of solid solution of metal B in metal A in Miedema model is:

AH o AR, (1.5)

where

2VA2/3

ALY =
ny/*(A) +ny*(B)

[~Plpa—v5)® +Q(n,/*(A) —n*(B))* — R.  (1.6)

Here V4 is the volume of atomic cell, P and () are positive constants determined em-
pirically. R is only different from zero if alloys are formed between transition and non-
transition metals.

Fig.1.4 shows a graphical representation of the alloying behavior of Fe (for equiatomic
composition) described by Miedema model. The y and = axes represent p - = Ap and
n;/ 3(A)—n;/ (B) = An'/3, respectively. The solid lines separate regions with metals that
have a negative enthalpy of alloying (minus signs) with Fe from metals that have a positive
enthalpy of alloying (plus signs) with Fe.

The resulting solid solubility depends both on size-mismatch and electronic structure.
Fig.1.5 shows the solubility map for iron alloys plotted in thermochemical coordinates
[14]: atomic radius vs. enthalpy of formation A k" of an equiatomic compound at room
temperature. In general, if A h° is sufficiently negative, the formation of solid solution
is favored. As A h" approaches zero, the size effect becomes the deciding factor. Points
corresponding to Ag, Cu and Pt are marked by red circles. Data presented in Fig.1.5 shows
that good solid solubility (more than 15 %) is expected for Pt, while Ag and Cu do not tend

to form solid solution with Fe.
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Figure 1.4: Graphical representation of the alloying behaviour of Fe (for equiatomic com-
position) described by Miedema model. The y and z axes represent - = Ay and
n;/ 3(A)—n;/ %(B) = An'/3, respectively. The lines drawn separate metals that have a nega-
tive enthalpy of alloying with Fe from metals that have a positive enthalpy of alloying with
Fe. Adapted from [12].

1.3.3 Metastable alloys.

The previous section described solid solubilities for alloys in stable thermal equilib-
rium. However, solubilities for the systems in metastable states (states with a Gibbs free
energy higher than the lowest possible value) can be different. The metastable states can
be accessed by rapid quenching and usually are characterized by extended solid solubility

( [10], chapter 19 and references therein) to a point where two immiscible elements can
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Figure 1.5: Solubility map of Fe alloys using thermochemical coordinates. Data correspond
to solubilities at room temperature. Contours of increasing solubility have been drawn.
Systems mentioned in the current work are marked with red circles. Adapted from [14].

(a)
(b)
o
. @
© ©)

Change in system structure

Figure 1.6: A schematic illustration of possible thermodynamic states of alloys: (a) un-
stable equilibrium (b) metastable equilibrium (c) stable equilibrium and (d) unstable non-
equilibrium state. Taken from [10], chapter 19
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form an alloy (for example, Fe-Cu, see section 1.5.1).

The nature of metastability can be explained by considering the shape of the Gibbs free
energy function which is shown in Fig.1.6. A metastable state is a state where the Gibbs
free energy has a local minimum (point (b) in Fig.1.6). The system may stay in this state
until a large-enough thermal fluctuation will induce a phase separation (see next section).
The state of unstable equilibrium (point (a) in Fig.1.6) can be destroyed by any thermal

fluctuation, however small.

1.3.4 Phase separation in metastable systems. Spinodal decomposi-

tion.

If a multicomponent systems decomposes into regions with different concentrations
of its components, it undergoes a phase separation. Phase separation may occur via two
mechanisms: (1) nucleation and growth and (2) spinodal decomposition. Nucleation and

growth proceeds as follows (see Fig.1.7):

1. initial formation of spherical fragments of the more stable phase,

2. growth of nuclei by diffusion of material from the metastable matrix, followed by

coalescence.

The nuclei have a distinct interface with the matrix and their composition is immedi-
ately different from the rest of the solution. Nucleation and growth cannot occur sponta-
neously, and an energy barrier has to be overcome (for example, by large thermal fluctua-
tion).

Unlike nucleation and growth, spinodal decomposition starts spontaneously with ini-
tial small-amplitude composition fluctuations. The composition amplitude displays a sinu-
soidal behavior with distance and grows with time (see Fig.1.8). It proceeds homogenously

throughout the alloy resulting in a two-phase modulated structure. At the initial stage, all
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Figure 1.7: Schematic diagrams showing spatial variations in concentration and morphol-
ogy evolution with time (¢; < t5 < t3) during phase separation in metastable system by
nucleation and growth mechanism. X5 and X¢p - metastable and equilibrium concentra-
tions of phase B, respectively. Taken from [15].

regions of solution possess the same structure and there are no pronounced interfaces be-

tween them.

Whether phase segregation proceeds via nucleation and growth or spinodal decomposi-

tion depends on the cooling rate and the segregation path. Fig.1.9 (a) shows the Gibbs free

energy calculated at the temperature T=T i, for the system AB with a miscibility gap.

The phase diagram of the same system is shown in Fig.1.9 (b).
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Distance ,x

Figure 1.8: Schematic diagrams showing spatial variations in concentration variation and
morphology evolution with time (¢; < ¢ < ?3) during phase separation in metastable liquid
by spinodal decomposition. X"z, X*5 and X°p - metastable, spinodal and equilibrium
concentrations of phase B, respectively. Arrows represent the direction of diffusion. Taken
from [15].

The phase diagram can be divided into three regions: a stable region (outside the mis-
cibility gap), a metastable region and an unstable region, divided by binodal (solid) and
spinodal (dashed) lines.

The miscibility gap corresponds to a region of Gibbs free function in the concentration
range X5 < Xp < X®5 (two local minima). Here the boundary between metastable
and unstable regions is defined by the sign of the second derivative of the Gibbs energy.
In the concentration range X*!'p < Xp < X*2p5 9°G/0X? < 0 the system is unstable. In

this region the system is unbalanced and spinodal decomposition takes place. The Gibbs
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Figure 1.9: (a) Gibbs free energy calculated for the system with the miscibility gap at
T=T co01ing- (b) Phase diagram of the same system with the spinodal lines. Arrows represent
the direction of diffusion. Adapted from [15].

free energy second derivative has a positive sign in the concentration ranges X' p < Xp
< X*'p and X*?5 < X < X5, and the system is in a metastable state where phase

separation occurs via nucleation and growth.
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1.4 Magnetic properties of nanoparticles.

1.4.1 Magnetic moment of the monodomain nanoparticle. Superspin.

If a particle composed of magnetic atoms becomes small enough, single magnetic do-
main (monodomain) becomes energetically favorable. The critical radius . below which a

spherical particle becomes a monodomain is given as ( [16]):

(AK,)'/?
poM2

where A is the exchange constant, K, is the magnetic anisotropy energy density con-

(1.7)

r. ~9

stant, 11 1S the magnetic permeability of vacuum, M is the saturation magnetization. The
typical values of critical radii vary from 15 to 750 nm. In superparamagnetic theory [17]
it is assumed that magnetic moments of the particle’s atoms rotate coherently, so the mag-
netic behavior of the particle is described by a single magnetic moment (macrospin or
superspin) with a magnitude of p = . /N, where i, is the atomic magnetic moment and

N 1is the number of the atoms in the particle.

1.4.2 Magnetic anisotropy.

Magnetic anisotropy is the dependence of the internal energy on the direction of spon-
taneous magnetization. The direction of magnetization in which the energy of the system is
minimum is called the easy axis. The maximum energy is reached when the magnetization
lies in the direction called the hard axis. In bulk materials, the main sources of anisotropy
are magnetocrystalline and magnetostatic energies. In nanosized materials, contributions
of shape and surface anisotropies have to be taken into consideration.

Magnetocrystalline anisotropy. Magnetocrystalline anisotropy is the contribution to the
magnetic anisotropy that depends on the magnetization direction with respect to the crystal
lattice. Its origin is the the spin-orbit interaction and the crystal symmetry of the sample.

The simplest form of crystal anisotropy is the uniaxial anisotropy, which is described by a
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single stable orientation (easy-axis) of the internal magnetization. The magnetocrystalline

uniaxial anisotropy energy is given by:

Euni = K5V sin?0 + K,V sin’6, (1.8)

where K5 and K4 are anisotropy constants, V' is the particle volume and 6 is the angle
between the symmetry axis and the magnetization. In the case of ferromagnetic materials,
K4 and high-order coefficients are often small in comparison to K5, and the anisotropy

energy is written as:

Euni = KV sin?6, (1.9)

where K is the effective uniaxial anisotropy energy density constant. At temperatures
much lower the Curie point, K is assumed to be temperature independent.

Shape anisotropy. Shape anisotropy results from the anisotropy of the demagnetizing
factors and is defined by the shape of the specimen. For example, the shape anisotropy of

an ellipsoidal specimen is uniaxial and its energy can be expressed as:

1
Eshape = 5oV M{(N, — N)sin®6, (1.10)

where V' is the volume of the particle, M is saturation magnetization, /N, and N, are
demagnetization factors relative to the x and z axes, respectively.
Strain anisotropy. Strain anisotropy [16] is a magnetostrictive effect and its energy is

described as:

3
Etrain = —5)\80500320, (1.11)

where )\ is the saturation magnetostriction, ¢ is the strain per area, .S is the particle

surface and 6 is the angle between the magnetization and the strain axis.
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Surface anisotropy. Surface anisotropy is caused by the reduction of the coordination
number at the surface. Surface anisotropy enhances the total anisotropy of small nanopar-
ticles since, with decreasing particle-size the magnetic contributions from the surface in-
creases. In the case of spherical particles with diameter d, the effective magnetic anisotropy
energy density is expressed as:

6

S
K=Ky +—K, =K, + -K,, 1.12
£f + v + p (1.12)

where S = 7d?, V = wd?/6 are the surface area and the volume of the particle, respec-

tively.

1.4.3 Relaxation behavior of magnetic particle ensembles. Superpara-

magnetism.

The magnetic energy of a single domain particle with uniaxial anisotropy is expressed

as:

E = KVsin?0 — pHcos(a — ), (1.13)

where K - is anisotropy energy density, V' is the particle volume, [ is the applied
magnetic field, x is the particle’s magnetic moment, o and 6 are the angles between the
easy axis and magnetization and magnetic field, respectively [17] (see Fig.1.10).

Fig.1.10 (b) (continuous line) shows the dependence of the particle free energy divided
by KV on the angle ¢ between magnetization and easy-axis in the absence of a magnetic
field. The energy minima (/= 0 and ) are separated by the an energy barriers K'V. This
dependence shows that without external magnetic field, the particle magnetization can be
in both equilibrium states (parallel to easy axis).

The relaxation behaviour of the magnetization is described by the Arrhenius law:

M(t) = Mpexp(—t/1), (1.14)
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Figure 1.10: (a) Axis system for a fine particle. (b) The angular dependence of the energy
barrier for zero external field (continuous line) and for a field value lower then the coercive
field (dashed line). Taken from [17].

where M is the initial magnetization and 7 is the characteristic relaxation time. This

relaxation time depends on temperature and energy barrier according to:

T = 1oexp(KV/kgT), (1.15)

where kp is the Boltzmann constant and 7 is a value inversely proportional to the
jump attempt frequency of the particle magnetic moment between two opposite directions
parallel to the magnetization easy axis. The values of 7 vary in the range 107?-10~1°
s ( [17]). If a magnetic field is applied, the energy barrier for the easy axis direction,
coinciding with the direction of the magnetic field, dectrases.

The behavior of the magnetization strongly depends on the time window 7,, of the
particular experimental technique with respect to the intrinsic relaxation time 7.

In case when T,, > 7 the relaxation of the system occurs faster then observed in this

time window, the system reaches thermodynamical equilibrium. The particles are in the



Chapter 1: Introduction 30

superparamagnetic regime.

If 7., < 7, the system relaxation proceeds slowly and quasistatic properties as in an
ordered magnetic systems are observed. In this case particles are considered to be in the
blocked regime.

For a fixed measurement time-window, the magnetic behavior depends on the temper-
ature. The temperature that divides superparamagnetic and blocked regimes (7, = 7) is
called the blocking temperature 7'p;.

For identical particles, the blocking temperature is defined as:

KV
kpTg’

For conventional (for instance, SQUID) magnetometry, 7,,= 100 s and 7'g; is given by

Int = Intg + (1.16)

KV
~ . 1.17
BN Sk (1.17)
Using the same procedure the critical value of the particle volume can be obtained:
25kgT
Vit & =2 (1.18)

1.4.4 Superparamagnetic and blocked regimes. Initial susceptibility.

The analytical description of the magnetic behavior of the ensemble of nanoparticles is
a complex problem. The exact solutions exist only in two extreme cases: for 7' = 0, when
particles are in a fully blocked state, and 7' > ', for a superparamagnetic ensemble. In
both cases, it is assumed that there are no magnetic interactions between the particles.

If the particle is superparamagnetic, its magnetization is described by the Langevin

function:

— =coth(+—) — — = L(——). (1.19)
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In a range of small fields the magnetization is given as:

uwH Nu2H
M=M = 1.20
“3kpT ~ 3kpT (120)
and the initial susceptibility x,, = M/H is given as:
Np?>  M2V: M2V
Xop = o= = - (1.21)

T 3kgT  3kgT  3kgT’

The values of magnetization for fully blocked identical nanoparticles were calculated
by E. C. Stoner and E. P. Wohlfarth [18] by minimizing Eq.1.13. For each fixed angle
between magnetic field and easy axis «, hysteresis loops were calculated. Afterwards,
all loops were averaged ,thus obtaining the hysteresis loop for an ensemble of particles
with randomly distributed anisotropy axes. The expression for initial susceptibility was

calculated as:

Mg
H,’
where H , is the anisotropy field H,=2K/M g. Therefore, the value of the initial sus-

X = (2/3) (1.22)

ceptibility is:

Mg

3K (1.23)

Xl =

1.4.5 Distribution of energy barriers in ensembles of NPs.

The distribution of energy barriers in a granular system can be determined by measur-
ing the magnetization as a function of temperature in small fields. The procedure is called
ZFC-FC (zero-field-cooling - field-cooling) magnetization measurement. The ZFC mag-
netization is measured in a small field (20 - 300 Oe) after cooling down the demagnetized
sample in zero field. The FC magnetization is measured after cooling the sample in the

same field.
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Figure 1.11: Typical ZFC-FC magnetization curves measured for the sample of magnetic
non-interacting nanoparticles with size distribution. Taken from [17].

Fig.1.11 shows the typical ZFC-FC magnetization curves measured for a sample of
magnetic non-interacting nanoparticles with a size distribution. The FC magnetization
monotonously decreases with increasing temperature, while the ZFC curve has a maximum
at a temperature which is, as proven by Tournus et al. [19,20], the blocking temperature
Tp.

The ZFC magnetization is expressed as [19,20]:

Verit 00
Mzpc/H = / Xsp VD(V)dV + / o VD(V)dV, (1.24)
0 Verit

where V ..; = f{’:;;‘;ln TO is the critical volume between superparamagnetic and blocked

T

nanoparticles. Here K.;¢ is an effective magnetocrystalline anisotropy energy density.
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D(V) is the particle-volume distribution function. The first part of Eq.1.24 is the fraction
of superparamagnetic particles, the second is the fraction of ferromagnetically blocked
particles. Taking into consideration expressions for s, and x; Eq.1.21 and Eq.1.23, the

values of M ;r~/H are written as:

Verit

Myzpc/H =

D(V 1.25
3Keff / v (1.25)

Verit

Sk:T

1.5 Preparation and phase segregation in metastable al-

loys: Fe-Cu system.

1.5.1 Solid solubility in the Fe-Cu system. Metastable Fe-Cu alloys.

Weight percent copper
0 10 20 30 40 50 60 70 8 9 100
1600 1 L L 1 i L L 1 1
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Figure 1.12: Fe-Cu phase diagram. Taken from [3].
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Figure 1.13: Free energy functions at 673 K in the FeCu system calculated in reference
[21].

The Fe-Cu equilibrium phase diagram is characterized by a large miscibility gap (see
Fig.1.12). The Fe-Cu system has a positive free energy of mixing which is concentration
dependent and reaches a maximum in Fe5oCusq (7.5 kJ/g-atom at 673 K) (see Fig.1.13) [21—
24]. Despite this, the preparation of Fe-Cu metastable alloys is possible by means of various
techniques (mechanical alloying, liquid quenching, thermal evaporation and sputtering).
Fig.1.14 shows a schematic diagram of the metastable alloys structures obtained by various
methods. Typically, the diagram contains two single phase alloy areas: bcc Fe-rich and fcc

Cu-rich. The concentration range of these areas depends on the method of preparation.

1.5.2 Fe-Cu binary phase diagram for nanometer-sized particles.

The effect of size reduction on the Fe-Cu phase diagram was studied in references
[29,30] . Authors of reference [30] calculated various thermodynamical parameters using
phenomenological models for the Gibbs energy of various Fe-Cu phases. These parameters
were used by X. J. Liu et. al ( [29]) to calculate the Fe-Cu binary phase diagram taking

size effects into consideration (Fig.1.15). This diagram shows that the size of the single
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Figure 1.14: Schematic diagram of the Fe-Cu metastable alloys structure obtained by
(a) mechanical alloying [25], (b) sputtering [26], (c) thermal evaporation [27], (d) liquid
quenching [28]. Taken from [25]

phase alloy regions is size dependent and expands with decreasing diameter of the grain or
nanoparticle. In other words, in small particles or grains, the formation of a single bcc or
fcc phase is more favorable.

The lattice constants of bee and fee Fe-Cu alloys prepared by sputtering, thermal evap-

oration and liquid quenching are shown in Fig.1.16.

1.5.3 Thermal stability and diffusion in Fe-Cu alloys.

The thermal stability of the Fe-Cu alloys has been extensively investigated ( [32-38]).
Hornbogen [32] studied Fe-Cu alloys prepared by vapor deposition with Cu concentration
up to 50 at.%. The alloys were subsequently annealed at temperatures up to 830°C for 3
min at each temperature. The as-prepared alloys possessed a bcc structure with a grain
sizes of 2-10 nm. Annealing at temperatures higher than 250°C led to Cu segregation to
the grain boundaries and increasing of the grain size up to 20-40 nm.

Nakamura et. al [33] prepared Fes3Cug; metastable fcc alloy by RF sputtering which
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Figure 1.15: Fe-Cu binary phase diagram for nanometer-sized particles. Taken from [29].

was subsequently annealed at 400 °C for 1 hour. Mossbauer spectra showed that annealing
led to Fe precipitation as fcc particles. These precipitates remained coherent until the grain
size reached 20 nm and then transformed to the bcc a-Fe phase.

Eckert et al. [34-36] prepared metastable Fe,-Cu;(_, alloys in the broad concentration
range 5 < x < 95 at.% by mechanical alloying. As-prepared alloys with x < 60 at.% and
x > 80 at.% exhibited single-phase fcc and bee structures, respectively. For 60 < x <
80 at.% both phases coexisted. Thermal analysis was performed by means of differential
scanning calorimetry (DSC) at a heating rate of 20 K/min in a temperature range from
300 to 900K. The conclusions on phase segregation in alloys were drawn by analyzing
maximum temperatures of DSC peaks, changes in grain size and atomic level strains. The
pure fcc and bee single phase alloys were found to be more stable than the ones with two

coexisting phases. Additions of Fe in single-phase fcc alloys improved the thermal stability,
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Figure 1.16: Lattice constant of Fe;_,Cu, alloy at room temperature prepared by e: sput-
tering, LI: thermal evaporation, A: liquid quenching. Taken from [26].

however adding Cu did not affect the stability in single-phase bcc solid solutions. The
phase separation of fcc and bcc phases proceeded by different mechanisms: the fcc phase
decomposed by formation of bce Fe particles, while in bee solid solutions, Cu segregated
to the bee grain boundaries forming a layer of almost pure Cu and then nucleating into the
Cu particles.

On the other hand, Crespo et al. [37, 38] discovered anomalous magnetic magnetic
behavior of Fe-Cu alloys during decomposition which could not be explained by the simple
decomposition of the system into the stable bcc (Fe) and fcc (Cu) phases. Metastable bee
Fe;(Cusg, and fcc FesoCusg and FesoCurg alloys were prepared by mechanical alloying and
subsequently annealed with a heating rate of 20K/min at temperatures in the range of 300-
900 K. The x-ray diffraction data showed no formation of a new crystal phase and change
of grain size up to 723 K for all samples. Crespo et al. observed drastic decrease of the
magnetic moment per iron atom after annealing indicated presence of magnetic phases with
a broad range of Curie temperatures. An explanation was found by assuming that the phase

separation at the early stages proceeds via spinodal decomposition. For example, spinodal
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Figure 1.17: TEM image of a fcc Fe;yCusg alloy prepared by mechanical alloying and
annealed at 723 K. Taken from [31].

segregation in the fcc Fe-Cu alloy takes place in the following way:

fce Fe-Cu — fec FerienCupoor + feC Fepoor Cuyicn,

and further goes as:

fee Ferich Cupoor + fec FepoorCuricr, — bee Fepio, Cupoor + fec Fepoo, Cuyicn, —

— bee Fe + fec Cu.

The assumption was supported by Mossbauer [39], EXAFS [40] and TEM [31] mea-
surements for Fes;oCusq alloy. Fig.1.17 shows bright image TEM image of a fcc Fe;(Cusg
alloy prepared by mechanical alloying and annealed at 723 K. The TEM image shows the

contrast modulation with a periodicity of about 2-3 nm. The diffraction pattern shown in
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the inset is taken from a 20 nm area.

1.6 Binary Fe-Ag system
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Figure 1.18: Ag-Fe phase diagram. Taken from [41]

The equilibrium phase diagram of the Ag-Fe system is shown in Fig.1.18. The equi-

librium phases of the Ag-Fe system are the liquid, the bce solid solution based on low-

temperature o-Fe as well as high-temperature -Fe (bcc allotrope), and the fcc phase with

a large miscibility gap. The mutual solubility of Ag and Fe is very low in both solid and

liquid states. The solubility of Ag in solid Fe reaches a maximum of approximately 0.022

at.% at 1671 K. Iron and silver have a large positive free energy of mixing of approximately

25.5kJI mol~! [41].



Chapter 1: Introduction 40

1.7 Janus nanoparticles and their applications.

The term “Janus nanoparticle“was used for the first time in 1991 in the Nobel lecture
of Pierre-Gilles de Gennes to describe particles consisting of two hemispheres possessing
different chemical properties. Such particles were named in honor of the Roman two-faced
god Janus who was depicted with two heads placed back to back so he could look in two
opposite directions at the same time [42]. Today the “Janus nanoparticle““term is used to
describe any asymmetric, biphasic and polyphasic particle. During the last twenty years,
Janus particles with various morphologies (such as dumbbell, snowman, acorn and half-
raspberry, etc.) (see Fig.1.19) were produced and proved to be very promising in regard of

numerous applications such as:

1. stabilization of water-in-oil (oil-in-water) emulsions (the combination of a hydrophilic

hemisphere with a hydrophobic one) [43];
2. local light switches ( Au/fluorescent polystyrene particles) [44,45];

3. microscopic probe devices to study the physicochemical environment in organic sur-

face chemistry [46];

4. biomedical imaging applications (combination of of the magnetically active part (
Fe;0,, FePt) and the noble metal(Au, Ag) that exhibit strong surface plasmon reso-

nance absorption) [47-49];

5. targeting cancer cells (FeoO3 and semiconductor nanocrystal or quantum dot (CdSe))

[50-52];
6. catalysis (Au- Fe3O4 nanoparticles) [53-55].

Janus nanoparticles provide the possibility not only to combine various functionalities
but also to tune them. Interfacial interactions in these systems lead to changes in the phys-
ical and chemical properties of the separated single-phase nanoparticles such as surface

plasmon absorption [56,57] and magnetic properties [56, 58].
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Figure 1.19: Schematic representation of Janus nanoparticles (Note: spheres and diamonds
symbolise particles and chemical functions, respectively). Taken from [42]

1.8 Stabilization of L1, ordered phase in FePt nanoparti-

cles.

1.8.1 General properties of Fe-Pt alloys.

Fe-Pt phase diagram. The equilibrium phase diagram of the Fe-Pt system is shown in
Fig.1.20. The high temperature phase is a chemically disordered fcc solid solution Al
phase. At temperatures below 1300 °C, Fe-Pt alloys with Pt concentrations close to 35-55
at.% exhibit an disorder-order transformation from the Al-type structure to the L1,-type
superstructure. This phase is chemically ordered and its crystal lattice in case of perfect
equiatomic stoichiometry (FesoPts() consists of Fe and Pt planes stacked in [001] crystal
orientation. As the difference between atomic radii of Fe and Pt is about 10%, the compres-
sion of the crystal lattice in the stacking direction occurs during disorder-order transition,
resulting in face centered tetragonal (fct) lattice. The L1, phase is thus characterized by

two different lattice constants @ and c. Al and L1 crystal structures are shown in Fig.1.21.
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Figure 1.20: Equilibrium phase diagram of the Fe-Pt system (taken from [4], chapter 5).
Crystallographic structures of the corresponding phases are shown schematically.

The lattice constants along with tetragonal distortion ratio ¢/a depend on both alloy
concentration and degree of ordering (see below). In fully ordered Fes(Pts, alloy a=0.385
nm, ¢=0.371 nm and ¢/a=0.96; in a disordered Fe;5(Pts5q alloy a=0.380 nm. The c¢/a ratio in
L1j-ordered FePt alloys varies from 0.96 to 0.98 ( [60-62]).

Chemical ordering in FePt. A perfectly L1,-type ordered FePt alloy consists of con-
secutive Fe and Pt planes with Pt atoms occupying (0 0 0) and (% % 0) sites and Fe atoms

occupying (3 0 3) and (0 5 3) sites. The degree of ordering is characterized by the fractions
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Figure 1.21: Crystal phases of Fe-Pt. (a) Al, chemically disordered face centered cubic
phase. (b) L1y, chemically ordered face centered tetragonal phase. (Taken from [59].)

of Fe and Pt sites (rp. and rp;, respectively) occupied by the correct atom. The degree of

long-range chemical order S is defined as [63]:

S=rp+rp.—1= (TPt - CPt)/yFe = (TFe - CFe)/yPt7 (1.26)

where cpy(re) is the fraction of Pt(Fe) atoms yp;(re) is the fraction of Pt(Fe) sites. If
ordering is perfect, S=1, while in case of full disorder S=0. For non-stoichiometric alloys
S is always less than 1 and its maximum value is a function of alloy composition defined
as S =1 - 2|Ax|, where Ax is a deviation of atom fraction from 0.5.

Determination of long-range order parameter by powder diffraction.
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Figure 1.22: Calculated x-ray diffraction patterns for (a) disordered A1 Fe-Pt and (b) com-
pletely ordered L1, Fe-Pt phase. (Taken from [64].)

Powder diffraction is often used to determine the long-range order parameter in L1j-
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type structure. Fig.1.22 (a) shows a calculated x-ray diffraction pattern for the fully dis-
ordered Al Fe-Pt alloy. The Al phase produces fundamental reflections (111), (200) and
(220). Ordering leads to the splitting of the fundamental reflections and produces additional
superstructure reflections (001), (110), (201), (112) and (221).

The long-range order parameter can be estimated as [63]:

IS/-[ 1
:( 0 fO)Q’
]s/If

where I, and [ are the intensities of the superstructure and and corresponding funda-

(1.27)

mental peaks, respectively, and I°; and I°; are the corresponding intensities in case of the
completely ordered alloy of the same composition.

Magnetic properties. Pt metal is paramagnetic. In the FePt, Pt atoms carry an induced
magnetic moment, while the magnetic moment of Fe-sites is enhanced compared to bcc
Fe. In Fes5Pts5, the values of total magnetic moments of Fe and Pt sites are 1;(Fe)=2.83up
and p,(Pt)=0.41pup ([64] and [4], chapter 5. Enhanced magnetic moments along with large
values of magnetocrystalline anisotropy are associated with the hybridization of Fe 3d and
Pt 5d states and the large spin-orbit coupling in Pt [65]. The magnetocrystalline anisotropy
is closely connected to the symmetry of the tetragonal lattice as well as chemical ordering,
which increases linearly with the long range order parameter according to [66—68] and [69].
However, a lattice tetragonal distortion is caused by ordering itself, so it is not entirely clear
how to separate their influences on anisotropy ( [64]).

The Curie temperature T. depends on the exchange interactions between the atoms,
which, in turn, depend on the number of different types of nearest-neighbors atomic pairs
and the distance between the atoms. Therefore, 7. is influenced by both chemical ordering
[68,70] and alloy composition [64,71-73]. The dependence of Curie temperature on alloy
composition [73] is shown on the Fe-Pt phase diagram in Fig.1.20. 7', of the ordered alloys
reaches maximum (750K) near equiatomic composition, while the maximum of 7', for the
disordered alloys (585 K) lies near 40 at.% Pt. The values of 7', estimated in various works

(see [4], Table 5.4) are scattered, as might be attributed to different degrees of order in the
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measured alloys. The Curie temperature is sensitive to chemical ordering within the alloy,
as was shown by Rong et al. [70], and increases with increasing degree of order.

Unlike the Curie temperature, the saturation magnetization M, of L1, FePt alloys was
reported to be independent of the degree of order at fixed alloy composition. The total

magnetization was found to increase with increasing content of Fe [67, 68].

1.8.2 Gas-phase L1j-ordered FePt nanoparticles.

Structure and morphology.
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Figure 1.23: Average potential energies for disordered and L1, ordered FePt particles in
different morphologies.(Adapted from [5].)

Due to the large contribution of the surface energy to the total energy, the structures of
FePt nanoparticles significantly differ from the bulk alloy. In order to minimize the surface
energy the FePt nanoparticles tend to possess the morphologies with densely packed {111}
facets which exhibit the lowest surface energy [74]. Muller et al. [5] studied size and
morphology dependence of the total energy in equiatomic FePt particles. Fig.1.23 shows

calculated size dependence of the averaged potential energy for Al-disordered and L1,-
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ordered FePt nanoparticles of different morphologies, namely truncated octahedron, Marks
decahedron and icosahedron. Truncated octahedra particles are single crystal. Icosahedral
particles are multi-twinned and consist of 12 tetrahedra and each tetrahedron forms 72°
twin-boundaries with every neighbor. A decahedron consists of five regular tetrahedra
sharing a common edge in [110] direction and each contributing two {111} facets to the
surface of the decahedron. A more energetically favorable shape (Marks decahedron) is
obtained by truncating the decahedron along the edges, exposing {100} and {111} facets.
Fig.1.23 demonstrates that for both A1 and L1, phase the truncated octahedron is the most
stable structure. However, the energy difference between different shapes is greatly reduced
in small clusters.

The morphologies of the gas-phase prepared particles are expected to be close to the-
oretical predictions. Indeed, icosahedral and decahedral multi-twinned structures are fre-
quently observed for small particles(less than 8 nm) [7, 60, 75-82].

Theoretical calculations also predict that the stability of the tetragonal L1, phase signif-
icantly decreases with decreasing particle size [83]. This effect is enhanced if segregation
of Pt atoms takes place. Several studies confirmed the existence of a critical particle size
below which the formation of the L1, phase is not possible. In reference [84], the order pa-
rameter S sharply drops below d = 3 nm and decreases to zero for d < 2 nm, while in FePt
nanoparticles investigated in [85] and [86], the ordering did not proceed when the particle
size was smaller than 4 nm. The indication of segregation of Pt to the surface of nanopar-
ticles was found in [80] and [81], where HRTEM analysis of FePt icosahedral particles
showed significant expansion of the lattice constant in the surface layers due to the local Pt
enrichment. A similar surface lattice relaxation was observed in single-crystal L1,-ordered
FePt particles and attributed to Pt segregation towards the Pt surface ( [4], reference Pohl
et al.(2010)).

Another complication arises from the fact that many of the nanoparticles preparation
techniques are kinetically controlled, so initially, the fcc disordered phase is formed and

additional annealing is required. Also, the nucleation sites are required for the ordering to
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originate. In FePt, thin-film grain boundaries and crystal defects serve as such nucleations
sites for the phase transformation. However, small FePt nanoparticles do neither have

conventional grain boundaries nor defects.

Magnetic properties.

In order to apply the FePt nanoparticles as a perpendicular magnetic recording media,

the following features of their hysteresis loop are required [59]:

1. unity remanent squareness M,/M,

2. unity slope at coercivity point (dM/dH),

3. relatively large negative nucleation field H,, < 2000 Oe,
4. small switching field distribution AH,/H;, ~ 5%,

5. high coercivity (CoPtCr alloys, which are currently used as magnetic recording me-

dia, have a coercive field of 14 kOe [87]),

6. high saturation field (CoPtCr alloys have a saturation magnetization of 300 emu/cm?).

Gas-phase prepared FePt particles often possess low coercivity and hysteresis loops
with poor squareness and a broad switching field distribution (i.e. non-rectangular shape).

This is attributed to:

(a) a number of different morphologies of the particles with large a fraction of multi-
twinned particles. Zhang et al. [88] calculated the anisotropy distribution in the twinned
FePt particles and found that the averaged anisotropy field of a twinned structure is

much smaller than that of the single-crystal.

(b) Inhomogeneous alloying in the particles, leading to the presence of several phases with

different degree of order (confirmed in EXAFS measurements by Antoniak et al. [89]).
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(c) Aforementioned reduced thermodynamical stability of the tetragonal L1, phase in

small particles and Pt segregation to the surface [80, 83-86].

Several methods to enhance the L1, ordering in gas-phase FePt nanoparticles were
proposed.

Post-deposition annealing. Castaldi et al. [90] deposited equiatomic FePt particles by
electron-beam co-evaporation of Fe and Pt on Si substrates, at substrate temperatures T
between 300 and 700°C. The highest coercive field (measured at room temperature) of
10 kOe was obtained for the sample deposited on a substrate held at 600°C. However,
the particle-size varied from 2 to 40 nm. Ito et al. [91] have prepared FePt octahedral
particles by sputtering. The particles were deposited onto a MgO(001) substrate with pre-
deposited MgO film. During deposition of nanoparticles, the substrate was held at 780°C.
The room temperature coercivities of the samples with various thicknesses of MgO film
varied near 60 kOe. The average particles size varied from 10 to 20 nm. Size distributions
were not presented in the paper, however SEM and TEM images show that particle were
agglomerated. To preserve uniformity of particles size, Elkins et. al [92] mixed as-prepared
fcc FePt particles with salt powders and annealed them at 700°C. Later, the samples were
washed in water and salts were removed from the particles. Coercivities up to 30 kOe were
obtained, however the shape of hysteresis loops was not rectangular and showed kinks and
relatively low saturation magnetizations. The large fractions of polycrystalline particles
were found in the annealed samples.

In-flight annealing. Authors of [77,93,94] implemented an in-flight heating stage into
the experimental setup to avoid post-deposition annealing. FePt particles prepared by mag-
netron sputtering were heated by four quartz halogen projector bulbs before deposition
onto a Si substrate [94]. While the particles size distribution remained relatively narrow
(4-12 nm), the coercive field was found to be significantly lower (2500 Oe at room temper-
ature) than those discussed above. Chen et al. [93] prepared FePt particles by magnetron
sputtering varying the temperature of the particle-forming chamber and the temperature of

the in-flight annealing stage. They found that both parameters affected the microstructure
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and magnetic properties. The FePt particles annealed at 800°C possessed improved crys-
tallinity and an enhanced coercive field compared to particles prepared without in-flight
heating. Still, even the highest coercive field was quite low (600 Oe) and several differ-
ent particle-morphologies were present in the samples. Rellinghaus et al. [77] studied the
effect of in-flight annealing on the magnetic and structural properties of equiatomic FePt
particles prepared by magnetron sputtering with various gas pressures. Particles prepared
at low pressure (ppre,=0.5 mbar) possessed icosahedral multi-twinned structure and even
the highest annealing temperatures could not suppress the twin formation. As a result, the
particles remained superparamagnetic at room temperature. Particles prepared at p,,.,=1.5
mbar transformed to the L1, ordered phase, with coercive field of 2500 Oe at room tem-
perature, after annealing. However, increasing the gas pressure also lead to a broadening
of the size-distribution.

Results discussed above show that while in-flight annealing allows the FePt particles
to preserve a narrow size distribution, it provides only a slight enhancement of magnetic
anisotropy. Probably, the time that the particle spends in the heating stage is not sufficient
to suppress twinned structure formation and induce full L1, ordering.

Control of plasma parameters.
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Figure 1.24: FePt prepared by magnetron sputtering in [76] (details discussed in the text).
(a)Schematic overview of particles morphologies prepared at different discharge currents
(I1<I2<1I3). (b)Magnetic hysteresis loops of octahedral L1, FePt nanoparticles measured
at both 300 K (o) and 5 K (A).
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An alternative way to prepare the L1, ordered FePt nanoparticles is to control the ther-
mal environment during the nucleation and growth stage [59, 76]. Qiu et al. [76] tuned
the FePt morphologies by regulating the magnetron discharge current,and thus manipulat-
ing the density of the magnetron plasma. The density of magnetron plasma determines
the density and energy of argon atoms and therefore the energy of sputtered metal atoms.
High discharge currents provide more dense plasma and higher argon energies. Sputtered
metal atoms gain more energy from the argon atoms and, as a result the surface growth
proceeds at elevated temperatures. Additionally, the energy dissipation rate of the metal
atoms is reduced which results in a slower cooling rate. The overview of the particle-
structures prepared in reference [76] is shown in Fig.1.24(a). Increasing the discharge
current leads to a suppression of the icosahedral twinned structure and induces the L1 or-
dering. The hysteresis loops of the octahedral L1, FePt particles is presented in Fig.1.24(b).
The “wasp-waisted”’shape of the hysteresis loop indicates the presence of disordered and
ordered particles, which reverse at different magnetic fields.

Liu and Wang [7, 59] assumed that the coexistence of ordered and disordered phases
comes from the non-uniformity of the thermal environment during the formation of par-
ticles caused by the toroidal shape of the plasma in a conventional magnetron sputtering
setups. In order to adjust the surface magnetic field distribution and, thus, the plasma shape,
they put a soft iron ring and a cone piece on the alloy target (Fig.1.25(a,b)). Iron was used
because of its high permeability value (Fig.1.25(c,d)). The high-resolution TEM image
of the octahedral L1, FePt nanoparticle along with the hysteresis loop measured at room
temperature are shown in Fig.1.25(e,f). The particles exhibit a high coercivity of 8.25 kOe
and a relatively good squareness. The small kink on the loop is still observed and might
be attributed to a remaining fraction of disordered particles or to the influence of surface
anisotropy [8].

Reactive sputtering. A further method used to stabilize the L1, phase in FePt nanopar-
ticles is sputtering in the presence of oxygen or nitrogen.

Oxygen has two main effects on the surface of fcc metals:
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Figure 1.25: FePt prepared by magnetron sputtering in [59]. (a),(b) Schematic illustrations
of the modification of the sputter gun head. (c),(d) Magnetic field distribution of the mag-
netron configurations shown in (a) and (b), respectively. (e) High-resolution TEM image
of an octahedral FePt nanoparticle. (f) Corresponding hysteresis loop measured at 300 K.

1. oxygen increases the activation energy for surface diffusion (for example, in Cu and

Pt [96,97]);

2. oxygen can also reduce the surface free energy of metals (for example, Cu, 7-Fe,

Ni [97-99])).
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Figure 1.26: The morphology diagram of FePt nanoparticles prepared by reactive nitrogen
sputtering in [75,95].

Effect (1) decreases the average particle size, while effect (2) suppresses the formation
of the twin structure. Stappert et al. [79] prepared FePt particles by magnetron sputtering
(pprep=1.0 mbar) adding different amounts of oxygen to the gas mixture. The particles were
also annealed in-flight at 600° C. They found that at high oxygen concentration (6.6 % of
gas mixture), the twin structure was almost completely suppressed and the majority of FePt
nanoparticles had a cuboctahedral morphology and single crystal fcc structure. However,
the formation of the L.1, phase was not observed.

If nitrogen is introduced into FePt nanoparticles during their growth (nitriding), it will
be incorporated in the octahedral interstitial sites of the crystal lattice. During in-flight
annealing nitrogen will effuse out of the particles agitating the lattice and enhancing the
mobility of Fe and Pt atoms. This effect induces the formation of the L.1, phase. Dmitrieva
et al. [75,95] prepared FePt nanoparticles at p,..,=0.5 mbar at various annealing temper-
atures. They showed that after adding nitrogen to the gas mixture a significant fraction of
FePt particles were single-crystal (see Fig.1.26). The authors estimated that approximately

70 % of single-crystal and polycrystalline particles had L1 structure.
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1.8.3 Stabilization of L10 phase in gas-phase FePt nanoparticles by

adding a substitutional element.

Several works explored the influence of the third element on the structural and magnetic
properties of FePt alloys, thin films and nanoparticles.

FePt-M (M=P, B, Pd, Cu) alloys. Kundig et al. [100] studied the properties of Feg;Pt35P3
alloy prepared by melt spinning. In the as-prepared state it consisted of A1 FePt and PtP,
phases. Annealing led to a microstructure consisting of the L1, and paramagnetic PtP,
phases with increased coercivity (about 25 kOe). Fegy_,Pt,.Bog amorphous alloys prepared
by rapid quenching ( [101]) and subsequently annealed at 798 K were found to be consist
of L1y FePt, Al FePt and Fe,B phases with average grain size of the phases of about 20

nm.

B, LI, Cu
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Figure 1.27: Isothermal sections of the phase diagram for iron-platinum-copper alloys at
1000°C (adapted from [102]). The axes are labelled in at.%.

Willoughby et al. [103] reported the positive energy of mixing in bulk Fe-Pt-Pd alloy.
However homogeneous Fe-Pt-Pd alloy thin films and particles were prepared (see below).
Lyubina et al. [104] showed that it is possible to obtain high amounts of L1, phase in such
alloys. In Fe-Pd alloys the Al to L1, transformation starts at higher temperature which

results in a lower driving force for the formation of the L1, phase. However, the migration
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enthalpy for atoms is lower than in Fe-Pt alloys and the growth of the L1, phase proceeds
faster.

The Fe-Pt-Cu alloy has a negative energy of mixing almost in the whole concentration
range [105]. The isothermal section of the ternary phase diagram of Fe-Pt-Cu alloys at
1000°C is shown in Fig.1.27.

Effect of underlayer on FePt films. Hu et. al [106] prepared FePt thin films with MgO
underlayer by magnetron sputtering at 300°C with subsequent annealing at temperatures
from 200 to 350°C. The observed increase of the coercivity (from 5 to 10 kOe) after an-
nealing was attributed to a diffusion of MgO from the underlayer through FePt grain bound-
aries. Zhu et. al [107] demonstrated the reduction of the ordering temperature in 5 nm thick
FePt films with 9 nm equiatomic AuCu underlayer. Xu et. al [108] compared the influence
of Ag and Cu underlayers on the magnetic properties of FePt films prepared by magnetron
sputtering and annealed at 550°C. While Cu had little effect on the FePt coercivity, an Ag
underlayer was able to reduce the ordering temperature and increase the coercivity of the
FePt film up to 10 kOe. Authors attributed it to an expansion of the FePt unit cell induced
by Ag. However, other works [109—112] showed that a Cu underlayer is capable to reduce
the ordering temperature, induce the L1, phase formation and increase FePt coercivity. The
Cu underlayer effect on FePt coercivity is attributed to the diffusion of Cu into FePt layer
creating crystal defects which serve as additional sites for L1, growth. The effect also de-
pends on the relative thickness of layers and the epitaxial relationship between Cu and FePt
layers.

FePt-X films and nanoparticles. In [113] B. Wang systematically studied the influence
of various additives (Au, Ag, Ni, Cu, Mn, Mg, V, and B) in FePt films (with varying Pt
and additive concentrations) on Al to L1, transformation. Several parameters (kinetic
ordering temperature, transformation enthalpy, transformation activation energy and Curie
temperature) were measured for L1, ternary and binary films. The results showed that all
additions except Cu lead to an increase of kinetic ordering temperature compared to the

binary films with the same Pt concentration. The transformation enthalpy was found to
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be unaffected by additives except for the case of Au. Adding Ni, Mn, V and B increased
the activation energy, while the rest of the additives had no effect on it. Ni, Cu, Mn and
Mg lowered the Curie temperature of the ternary film, while in case of other additives it
remained unchanged.

Barmak and Berry [71] conducted similar research for FePt-Ni and FePt-Cu alloys.
They found that both Cu (up to 20 at.%) and Ni (up to 25 at.%) lower the Curie temperature
of the L1 alloys. Cu had no effect on the kinetic ordering temperature, while addition of
Ni increased it. Both additives increased the activation energy of Al to L1, transformation,
while having no effect on the transformation enthalpy.

The magnetic properties of Fess_,Ni, Ptys; (0 < x < 55 at.%) alloy films were studied
by Thiele et. al [114]. Films were epitaxially grown on single crystal MgO(100) sub-
strates at 550°C. The Curie temperatures decreased with increasing Ni concentration. The
magnetocrystalline anisotropy energy density K stayed constant up to x=10 at.% and then
dropped rapidly from 4.6x 107 erg/cm?® to 0.6x 107 erg/cm? at x=15 at.% followed by a
steady decrease with Ni content.

Kanazawa et al. [115] investigated magnetic properties of FePt,Pd;_, (0 < x < 1)
films prepared by magnetron sputtering and subsequently annealed at 400°C, 500°C and
600°C. The coercive fields decreased with increasing Pd content and decreasing annealing
temperature.

Platt et al. [116] compared the magnetic behavior of (FePt); .M, (M=Cu, Ag, Au; x =
10,20,30,40) films deposited on Si(100) substrate with MgO buffer layer and subsequently
annealed at 350°C, 450°C, 550°C and 650°C. The coercivities of the films increased with
the annealing temperature but were independent on the Ag and Au content, while copper
had a significant influence on coercivity (see Fig.1.28). The coercivities of FePt-Ag and
FePt-Au films were negligible up to 450°C, while a FePt-Cu film exhibited high coercivity
at 350 and 450°C, which indicates that the addition of Cu lowers the ordering temperature
compared to the binary FePt alloy. The same behavior was reported by Maeda et. al [117]

for FePt-Ag and FePt-Cu films prepared by dc sputtering. Films were deposited on glass
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Figure 1.28: Coercive field H, vs. annealing temperature of (a) FePt-Cu, (b) FePt-Ag and
(c) FePt-Au films studied in [116].

substrates and subsequently annealed at temperatures in the 300-700°C range. Fig.1.29,(a)
shows the dependence of the coercive field on annealing temperature and shows that Cu
reduces the temperature of L1, ordering, while Ag has no such effect. The dependencies of
the coercivity on Cu and Ag concentrations of the films annealed at 300°C is presented in
Fig.1.29,(b). The coercive field of the FePtAg films remains constant, while the coercivity
of FePtCu films rapidly increases and has a maximum near 15 at.%.

The decrease of the ordering temperature by adding Cu to FePt alloy was also confirmed
in [118,119]. Aimuta et. al [118] reported that adding 3 at.% of Ag also leads to a decrease
of ordering temperatures which contradicts the aforementioned results.

All works demonstrated that Cu formed a stable ternary alloy with FePt, while Ag (and



Chapter 1: Introduction 57

| —@—FePt
121 —fi—FePtCu
- A - FePtAg

Coercivity [kOe]

0 100 200 300 400 500 600 700 800

-
-
> m
m o
¥
g8
fa &

Coercivity [kOe]
w

Y

]
B
|

com T
Mmad . p a0 =A
0 10 20 30 40 50 60
Content [at.%]

Figure 1.29: (a) Coercive field H. as a function of annealing temperature of FePt,
(FePt)s5Cuys, (FePt)goAgig films. (b)Coercive field H. of FePtCu and FePtAg films as
a function of the content of Cu and Ag after annealing at 300°C. Taken from [117].

Au) segregated to the surface or to the interface between the substrate and the film after
annealing. Aimuta et. al [118] considered the Ag segregation during annealing to be the
reason for the reduction of the ordering temperature. The effect of Cu on the ordering tem-
perature can be attributed both to enhanced diffusivity [119] and the smaller Gibbs energy
of the FePtCu alloy providing the enhanced driving force for the Al to L1, transforma-
tion [117].

Theoretical calculations predict segregation in FePt for Cu, Ag and Au with Cu segrega-
tion being the weakest [120]. The authors of [120] also found that Cu and Ag substitutions
at Fe sites is energetically more favorable than substitutions at Pt sites, while for Au, both
cases are approximately equal.

FePt-X particles (X= Cr [121, 122], Co [123], Zr [124], Mn [125], Au [122,126,127],
Ag [122,128], Pd [122,129], Cu [122,127,130-136]) exhibit the same behaviour as thin

films. The coercive fields increase with the annealing temperature reaching a maximum
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near 10 kOe. The concentration dependencies usually have a peak near 20 at.% of additive.



Chapter 2

Experimental techniques

2.1 Magnetron sputtering

All samples were prepared by the inert-gas condensation method based on DC mag-
netron sputtering. The experimental setup consists of a liquid nitrogen cooled nucleation
chamber, a furnace and a deposition chamber. Continuous flow of Ar (sputtering gas) and
He is introduced into the nucleation chamber which contains a sputtering target. Primary
particles generated in the nucleation chamber travel with the Ar/He gas-flow through a fur-
nace and subsequently are deposited on substrates held at liquid nitrogen temperature. The
furnace is operated in the case when in-flight annealing is desired.

The schematic representation of the setup is shown in Fig.2.1. The essential elements

are:

1. nucleation chamber equipped with DC sputter gun (SG), sputtering target (T) and
cooling shield (CS),

2. in-flight annealing section consisting of quartz tube positioned in a three-zone fur-

nace (F),

3. deposition chamber containing a sample holder (SH).

59
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Figure 2.1: Schematic representation of the experimental setup consisting of nucleation
chamber, in-flight annealing section and deposition chamber. Essential components are the
DC sputter source (SG), the cooling shield (CS), the three-zone furnace (F), sample holder
shutter (S), the sample holder (SH), the turbo-molecular pumps (TMP1 TMP2) and the
roots pump (RP1). Adapted from [137].

The gas flow and vacuum system. To avoid contamination of nanoparticles during
preparation clean manufacturing conditions are necessary. They are provided by a base
pressure in the high vacuum region and the use of high-purity gases.

The vacuum is attained by two turbo-molecular pumping stations (TMP1 and TMP2)
connected to the nucleation and deposition chambers. They produce a base pressure of
Prase < 1077 mbar. During sample preparation continuous flow of gas is created by the
roots pump connected to the deposition chamber. To prevent oil from entering the deposi-
tion chamber a cold trap cooled with liquid nitrogen is placed between the pump and the
chamber.

High-purity (99.999%) Ar and He gases are introduced into the nucleation chamber dur-
ing preparation. The gas control system consists of a capacitive pressure sensor and a total
of four mass flow controllers. Argon is introduced through the inlet in the sputtering source,
so it flows directly over the sputtering target. Helium is introduced through the additional
inlet (see Fig.2.1). The total gas pressure is set by changing the pumping capacity of the

roots pump through a control valve situated between the pump and the deposition cham-
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ber. For a more detailed description of the gas control system, see reference [137]). The

actual volume flow of the gas fyycieation 10 the nucleation chamber depends on the gas pres-
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sure so that fxucieation= fset , where f,.; is the gas flow at atmospheric pressure and

Dsputter 18 the gas pressure. The volume flow in the furnace ff,;nace increases by a factor of

. . . L _ lbar Tfurnace
T furnace/293 K with increasing temperature, so it is defined as fryrnace =fset Popatier 293K

Nucleation chamber.
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Figure 2.2: (a) Schematic representation of the nucleation chamber [137].(b) Schematic
illustration of the magnetron sputtering gun. The color-coded areas are explained in the
right image. The dashed line shows the sputter erosion profile of the sputter target. The
black lines show the magnetic field lines. Adapted from [95].

The schematic representation of the nucleation chamber is shown in Fig.2.2(a). It
contains the magnetron sputtering gun SG (type AJA A320) operated in DC mode. The
schematic illustration of the sputtering gun is shown in Fig.2.2(b). The arrangement of the

Nd-Fe-B magnets is chosen to provide an efficient sputter yield for magnetic materials.
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The inner part of the nucleation chamber consists of copper blocks incorporated be-
tween the magnets and the target holder. A negative voltage of about 350 V is applied
between the target and the outer sheath which is grounded. The gap width s between the
target holder and the sheath is approximately 2 mm. The sputtering gas (argon) is intro-
duced directly to the sputtering source. The gas molecules are ionized in the plasma of the
sputter source, and the argon ions are accelerated in an electric field towards the target. The
measured current is about 0.7 A. Thus, the sputtering power is about 250 W. In order to
avoid the heating of the target and the magnets and the copper block are cooled with water.

During sputtering, the gas mixture is cooled by the liquid nitrogen shielding. This leads
to supersaturation and nucleation. The shield is made of copper in order to ensure optimum
thermal conductivity.

Both the temperature gradient as well as the residence time of the nanoparticles in
the cooled area (i.e., the length of the nucleation zone) are important parameters for the
particle growth process. In order to vary the length of the nucleation zone, the position of
the sputtering source can be changed. To enable this, the sputtering source is attached to
a stainless steel bellows tube. The effective length of nucleation zone is the distance from
the sputtering target to the end of the cooling plate. It can be varied in the range between 3
cm and 23 cm. In the current work, the nucleation zone length is set to 15 cm.

In-flight annealing section. During in-flight annealing the gas mixture with the primary
particles flows through a tube (made of heat-resistant oxide-ceramic material- Degussit
AL23) which is located within a three-zone furnace (TZF Carbolite). Annealing temper-
atures up to 1473 K can be achieved. The inner diameter of the tube is 4.7 cm, and the
heated region is 70 cm long. Thus, the volume of gas flowing through the furnace is 1.22 1.

Deposition chamber. After nucleation and in-flight annealing the particles are deposited
on a sample holder mounted perpendicular to the direction of gas flow. The sample holder
with the substrates is cooled with liquid nitrogen in order to obtain a higher amount of
deposition of the particles.

The gas mixture is pumped by a roots pump, so the pressure gradient generated along
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the entire route is about 0.2 mbar. Cu grids covered with carbon film (TEM grids) of
diameter 3.05 mm and silicon substrates of dimensions 4 x 4 x 0.5 mm? with naturally
oxidized surface can be attached to the sample holder.

Sputtering targets. Fe-Cu, FePt-Cu and Fe-Ag sputtering targets were manufactured by
patching iron or FePt disk targets with diameter 50.8 mm and thickness 1.5 mm with copper
or silver pieces of diameter 3 mm inserted into the target. Patches are placed symmetrically
in the centre of the iron or FePt erosion zone. The number of patches was calculated to
achieve the desired nominal composition of the particles. An image of the Fe-Cu sputtering

target is shown is Fig.2.3.

Figure 2.3: Fe-Cu sputtering target.

Calculating time of in-flight annealing. The time that particles spend in the furnace 7

is calculated as:

_ Vfurnace _ 7T(dfurnace/2)2lfu7‘nace (2 1)

f' 1bar Ts
urnace set Psputtering 293K

Ts

where dtyrnace = 4.7 cm and lyyrpaee = 70 cm are the diameter and the length of the
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furnace tube, respecively.

2.2 Transmission electron microscopy

Morphological and structural properties of the nanoparticles were studied by means of
High Resolution Transmission Electron Microscopy (HRTEM). The elemental analysis was
conducted using TEM combined with Energy Dispersive X-ray (EDX) spectroscopy and
Energy-Loss Electron Spectroscopy (EELS). The detailed description of these techniques
can be found in [138].

2.2.1 High-Resolution Transmission Electron Microscopy (HRTEM)

The essential elements of TEMs are the electron source, the condenser lens system, the
sample, the objective lens system, the imaging system and the CCD camera. A schematic
of an electron microscope is presented in Fig.2.4.

The electron source is a tungsten or single-crystal LaBg cathode (also called electron
gun) connected to a high voltage source of typically 100-300 kV. The electrons are ejected
from the gun by means of thermionic or field emission and accelerated by the high volt-
age. The field emission cathodes (or field emission guns, FEG) are more suitable for high
resolution measurements as they have have a narrow electron energy spread.

The electron source is placed in the upper part of the microscope. The part below is a
microscope column which consists of a set of converging magnetic lenses. The condenser
lens system generates a defined beam from the accelerated electrons. It consists of two
condenser lenses and two condenser apertures. Below the condenser system two objec-
tive lenses are positioned with the sample situated between them. The sample has to be
transparent for the electrons, so its maximum thickness should be about 100 nm or less.
The electron beam is diffracted by the crystal lattice of the sample. The diffracted beams
are focused by the second objective lens in its back focal plane into a diffraction pattern.

In the image plane of the objective lens the intermediate image is formed. The spheri-
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Figure 2.4: A schematic of a transmission electron microscope. Adapted from [137].

cal abberation coefficients C, of condenser and objective lenses determine the resolution
of the microscope. The imaging system consists of intermediate and projector lenses and
serves to magnify the diffraction or the intermediate image. The image is projected onto

fluorescent screen or CCD camera.

Image formation in the electron microscope

The interaction of an electron wave with a thin specimen results in a change of the
amplitude and phase shift of the electron wave. The phase shift occurs due to the difference

in inner potential of the material with respect to the vacuum. If an object is thin enough, it
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Figure 2.5: Phase transfer functions of a microscope with an accelerating voltage of 200
kV and a spherical aberration coefficient C; = 1.1 mm for two defocus Af values. Adapted
from [137].

only produces a phase shift to the wave at its exit plane and is called a phase object. The
image contrast produced by such objects is called phase contrast.

The HRTEM image quality strongly depends on the imaging system of the microscope.
The imaging system is described with the so-called contrast transfer function (CTF) H(g),
where g is a spatial frequency in the reciprocal space. The CTF is defined by lens aberra-
tion, focus, and apertures and can be expressed as H(g) = A(g)E(g)2sinx(g), where A(g)
is the aperture function, E(g) describes properties of the lenses and x(g) is an aberration
function (also called phase transfer function). Spherical aberration is the main factor de-
termining image quality. Fig.2.5 shows the phase transfer functions of a microscope with
an accelerating voltage of 200 kV and a spherical aberration coefficient C; = 1.1 mm for
two defocus Af values. Negative values of the phase transfer function correspond to the
positive phase contrast, at which the atoms appear dark and the background is bright. For

positive values, i.e. a negative phase contrast, the atoms appear bright and the background
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is dark. To interpret the HRTEM images, one has to operate in a spatial frequency range in
which the phase transfer function does not change sign. In the so-called Scherzer defocus
Afs., (red curve), the phase transfer function has the same sign at a large spatial frequency
range. The point gg.;, where siny(g) = 0 (Af=Afg.,) for the first time, defines the so-called
point resolution 1/gg.;, of the microscope. At g > gg., the phase contrast transfer function

oscillates and the HRTEM image cannot be interpreted.

Figure 2.6: (a) HRTEM image of an FePt nanoaprticle with (b) corresponding FFT image.
Diffraction spots are marked with red circles. Adapted from [137].

The HRTEM image is taken with a CCD camera and the corresponding fast Fourier-
transformed image (FFT) can be calculated. This image corresponds to the diffraction
pattern of the sample region in the HRTEM image. The analysis of the FFT image provides
the structural information. An example of this is shown in Fig.2.6. The HRTEM image
(Fig.2.6 (a)) shows the FePt nanoparticle on an amorphous carbon film. In Fig.2.6 (b) the
corresponding FFT image is presented. The reflections marked with red circles can be

attributed to the fcc crystal structure of FePt.
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Figure 2.7: Electron-specimen interactions in TEM. Taken from [138].

2.2.2 High-Angle Annular Dark-Field Scanning Transmission Elec-
tron Microscopy (HAADF-STEM)

The HAADF-STEM method combines two techniques: high-angle annular dark-field
imaging, which is highly sensitive to atomic-number contrast, and scanning electron mi-
Croscopy.

When an electron enters the specimen it interacts with its atoms. Atomic and nuclear
electrostatic potentials affect the speed and/or direction of the electron. If only the direc-
tion changes, the electron undergoes elastic scattering. In case of inelastic scattering the
change of speed is involved. The incident electron does not pass its energy to the atom dur-
ing an elastic scattering process, while the inelastic scattering process involves the energy
exchange between the incident electron and the specimen atoms. Other specimen-electron

interactions include emission of X-rays, Auger electrons, cathodoluminesence etc. They
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are summarized in Fig.2.7.

The bright-field TEM images are produced by electrons scattered elastically through the
small angles (so-called Bragg scattering). The bright-field contrast depends both on spec-
imen material, its structure and orientation with respect to the beam. In contrast, HAADF
technique provides images produced by electrons scattered at high angles (4-11°). These
electrons undergo so-called Rutherford forward scattering which is the consequence of in-
teraction between the electrons and the atomic nuclei of the specimen. The scattering cross
section, and thus the contrast in the HAADF images, is directly proportional to Z2. In
other words, HAADF contrast, also called Z-contrast, directly reflects the distribution of
chemical elements in the sample.

The STEM technique involves the electron beam being focused down to a small spot
(< 1 nm) and scanned through the sample. The principal schemaic of the HAADF-STEM
is showed in Fig.2.8.

2.2.3 Element specific analysis in TEM
Energy Dispersive X-ray (EDX) Spectroscopy

When an incident electron of the electron beam hits an atom in the specimen, there is
a probability to transfer its energy to the electron shell and ionize the atom. The ionised
atom now has an electron vacancy in a shell. The electrons in outer levels will jump into
this vacancy to restore the stationary state of the atom. During this process, an X-ray with
an energy equal to the energy difference between the levels is emitted (Fig.2.9 (a)). Each
element has a unique electron shell structure, so the X-rays generated by the specimen are
characteristic. In other words, the X-rays have specific energies or wavelengths charac-
teristic of elements and are called characteristic radiation. Each type of atom produces
several peaks in the spectrum corresponding to the transitions between different energy
levels. For example, electrons in two of three energy levels in the L shell may jump into

the K shell. These are called K,; and K- lines. Jumping to K shell creates K lines, to L.
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Figure 2.8: Major elements of a scanning transmission electron microscope. Magnetic
lenses focus the beam to a small spot size, which is scanned across the sample. Rutherford-
like scattered electrons are collected by the high-angular annular dark-field (HAADF) de-
tector. Adapted from [139].

shell creates L lines, and so on. Fig.2.9 (b) shows an EDX spectrum with peaks labeled by
the respective elements and electronic transitions. By comparing the weighted integrated
intensities of the peaks, the concentration ratio of the elements can be determined.

The X-ray radiation is detected by a side-mounted detector. An X-ray photon is ab-
sorbed in the sensitive semiconductor material of the detector and creates a certain number
of electron-hole pairs proportional to the energy of the photon. In this work a Si(Li) detec-
tor is used with the energy resolution of about 150 eV. The elemental composition can be
determined with an accuracy of about £ 2-3 at.%.

EDX spectroscopy measurements performed in STEM mode also allow to determine

the elemental distribution within the sample along a chosen line (so called line scan) or to
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Figure 2.9: (a) Schematic representation of the inelastic interaction between the electron
with the initial energy Ey and an atom. (b) An EDX spectrum. Adapted from [137].

obtain a two dimensional elemental map.

Electron Energy Loss Spectroscopy (EELS)

Electron energy loss spectroscopy (EELS) utilizes the electrons which undergo inelas-
tic scattering and lose energy after the interaction with the specimen. The amount of energy
loss, measured using an electron spectrometer, provides information about chemical com-
position of the sample. In the current work, the Gatan Image Filter (GIF) system is used
to obtain and process the spectra. A schematic diagram of the Gatan electron spectrome-
ter is shown in Fig.2.10. The incident electrons are selected by an entrance aperture and
pass through a prism magnet. The magnetic prism deflects the electrons through > 90°
and spatially separates the electrons according to their energies into a electron energy loss
spectrum in the energy dispersive plane (a process analogous to the dispersion of white
light by a glass prism). A retractable slit and a series of lenses are positioned between the
prism and the energy dispersion plane (not shown in the image). The GIF system can be
operated in imaging and spectroscopy modes. In the imaging mode the lenses restore the
image at the entrance aperture so it can be viewed on a CCD camera. In the spectroscopy

mode the energy dispersive plane is projected onto the CCD camera and the EEL spectrum
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is acquired.
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Figure 2.10: Schematic diagram of the Gatan electron spectrometer taken from [138].

An EEL spectrum consists of a distribution of electron counts versus energy loss and

has three principal regions:

1. The zero-loss peak, which consists of elastically scattered electrons.

2. The low-loss region (< 50 eV) contains plasmon losses and losses associated with

the weakly bound outer-shell electrons in the specimen atoms.

3. The high-loss region (100 eV - 2000 eV), which contains electron-loss peaks (also
called edges) associated with inner-shell excitations. This is the region which pro-
vides the information on the chemical composition of the sample. The high-loss

regions of EEL spectra of Fe, Cu and Ag are shown in Fig.2.11.

Energy filtered TEM (EFTEM)

A retractable slit positioned in front of the energy dispersion plane in the GIF spec-

trometer allows to select electrons with energies within a certain window AE (usually,
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10-50 eV). The series of multipole lenses allows to reconstruct the image produced exclu-
sively by selected electrons (a filtered image). However, in order to obtain the elemental
map, removing the background contribution to the image intensity is crucial. In the cur-
rent work a three-window method to subtract the background is used. Two energy-filtered
background images in front of the ionization edge (pre-edge images) and one image at the
edge (post-edge image) of the element of interest are acquired (see Fig.2.12). Afterwards,
the extrapolated background image is calculated and subtracted from the ionization edge

image. The net image is an elemental map.

CCD counts x 1000

350 400 450 500 550 600
Energy Loss (eV)

Figure 2.12: Typical EEL-spectrum showing an inner-shell ionization edge of Ti; positions
of energy-filtered images for background subtraction are indicated by shaded areas. Taken
from [141].

Comparison of EDX and EFTEM methods

Both EDX and EFTEM methods can be applied to investigate elemental distribution
in nanoparticles. However, both methods have their advantages and disadvantages. The
EDX method allows simple and more precise calculation of elemental concentrations and

is quite straightforward and more reliable. The EFTEM method is sensitive to the sample
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parameters (thickness, shape, orientation) and can produce a number of artefacts. However,
EDX mapping requires from 40 minutes to 1 hour, while EFTEM map can be obtained just
in a few minutes. In other words, EFTEM is preferable for the samples which are unstable
under the beam. In the case of EFTEM, the edge shape has to be taken into account. For
instance, Cu L, 3 edge is not so well pronounced as Fe and Ag edges (see Fig.2.11 (b))
which means that a correct estimation of the Cu distribution in the sample with low Cu

concentration can be difficult.

3D tomography

Conventional TEM provides two-dimensional projections of the specimen. To study
the three-dimensional morphology of the object, the 3D tomography method is used. The
sample is tilted around the tilt axis of the microscope goniometer, typically over a range
of -70° to +70°, recording images at 1-2° intervals. These images are called tilt-series.
After acquisition, the images are aligned with each other by the software and then are
processed by the reconstruction program, which reconstructs a three-dimensional volume

of the object.

2.2.4 FEI Tecnai F20 TEM

In this work, morphology, chemical composition and crystalline structure of gas-phase
nanoparticles were predominantly studied using FEI Tecnai F20 TEM operated at 200 kV
with a point resolution of 0.23 nm. The microscope is equipped with a Schottky field
emission gun, a super twin lens, an EDX Si(Li) detector, a HAADF detector and a Gatan
image filter system. For TEM measurements, particles were deposited on a copper or nickel

TEM grid coated with amorphous carbon.
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2.3 Magnetization measurements.

Magnetization measurements were performed using SQUID (Superconducting QUan-
tum Interference Design)-magnetometer manufactured by Quantum Design (model MPMS-

XL5).
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Phase segregation in metastable alloy

Fe-Cu nanoparticles

In this chapter phase segregation in metastable alloy Fe-Cu nanoparticles is studied. Fe
sputtering targets patched with 3, 6 and 12 Cu pieces (see Fig.2.3) were used to prepare Fe-
Cu nanoparticles with Fe(Cu) nominal concentrations 80, 60 and 20 at.%, respectively. For
all samples Ar and He were introduced into the nucleation chamber at 50 sccm. The total
gas pressure was adjusted to 1 mbar. For each concentration two samples were prepared:
the primary particles, produced without in-flight annealing, and particles in-flight annealed

at 1273 K. The in-flight annealing time is 0.32 s (equation 2.1).

3.1 Structure and morphology of Fe-Cu nanoparticles

3.1.1 Average elemental concentrations in Fe-Cu nanoparticles

The composition of the Fe-Cu samples was determined by means of EDX spectroscopy.
Spectra for each sample were obtained from 10 different regions of about 250 nm in di-
ameter, and the average elemental concentrations were determined (Table 3.1). The EDX

analysis were also performed on single nanocomposites that confirmed the presence of both

77
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Fe and Cu within the particles.

Table 3.1: Elemental concentrations in Fe-Cu nanoparticles

Sample Fe, at.% | Cu, at.% | Error, at.%
FersCuss |0 Cea 74|26
FeuCun (e T 38
FesCurs |-hcia 25|73

3.1.2 Morphology and size distribution of Fe-Cu nanoparticles
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Figure 3.1: TEM micrographs of (a) primary and (c) in-flight annealed Fe;5Cus; nanopar-
ticles with their respective size distributions (b,d).
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The micrographs of primary and in-flight annealed Fe;;Cuy; particles with correspond-
ing size distributions are shown in Fig.3.1(a-d). The primary particle-size ranges from 5 to
about 60 nm, and for the in-flight annealed particles, from 8 to 50 nm.

Primary particles have cubic and spherical morphologies, whereas all in-flight annealed
particles appear to be spherical. The number of cubic primary particles was estimated to be

approximately 10% of the total number of particles.
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Figure 3.2: TEM micrographs of (a) primary and (c) in-flight annealed Feg,Cuyo nanopar-
ticles with their respective size distributions (b,d).

The micrographs of primary and in-flight annealed Feg,Cuyq particles with correspond-
ing size distributions are shown in Fig.3.2(a-d). As in the previous case, approximately
10% of the primary nanoparticles had a cubic shape. The primary particle-size ranges from
5 to about 60 nm, and for in-flight annealed particles, from 8 to 70 nm.

The micrographs of primary and in-flight annealed Feo;Cuz; particles with correspond-
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Figure 3.3: TEM micrographs of (a) primary and (c) in-flight annealed Feo5;Cuy;5; nanopar-
ticles with their respective size distributions (b,d).

ing size distributions are shown in Fig.3.3(a-d). The primary Fe,;Cuz;5 particle-size ranges
from 5 to 70 nm (Fig.3.3(a)), whereas the size of the in-flight annealed Fe,5Cuz; particles
ranges from 8 to 60 nm. Unlike as in the previous cases, Feo;Cuz; particles appear to form
aggregates of spherical shape both before and after in-flight annealing.

All size distributions were fitted by the log-normal distribution function:

—an(Dz/Dm)
e 20
Dy= ———. 3.1
/D) Dov/2r G-

Here, parameters (n(D,,) and o denot the geometric mean particle diameter and geo-

metric standard deviation, respectively. Average diameter <d> and standard deviation A
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are calculated as:

< d >= nDPm)+*/2) (3.2)

A= (7 —1)HnDm)to?, (3.3)

The distributions were obtained only for isolated spherical particles. The size-distribution

parameters are presented in Table 3.2.

Table 3.2: Size distribution parameters of Fe-Cu nanoparticles

Sample D,,, nm o <d>, nm A, nm
Fe. Cy,. | Primary | 14705021 £001 | 15+1 [3.19£0.03
5725 Mannealed | 127 £0.5 | 0.18 £0.01 | 13£1 |2.34+0.01
Fer Cu,. | Primary [ 99£05 [031£001] 10+£1 [329+£0.02
60240 Mannealed | 10.1 £0.5 | 027 £0.01 | 10+£1 | 2.89 + 0.02
Fe.Cy.. | Primary [142£05]026£001] 15+1 [3.88+£0.04
25575 Mannealed | 155 £ 0.5 | 024 £0.01 | 161 | 3.87 £ 0.03

3.1.3 Structure of Fe-Cu nanoparticles

The crystal structure of the particles was determined by electron diffraction. The
diffractograms were calibrated using a gold film sample measured under the same beam
conditions as reference. The powder diffraction patterns for primary and in-flight annealed
Fe;5Cuys nanoparticles are shown in Fig.3.4. The structural data are collected in Table 3.3.
The analysis of diffraction rings (Fig.3.4) shows a good agreement with bcc a-Fe. Diffrac-
tion patterns of primary and in-flight annealed particles are quasi identical, which indicates
that annealing does not affect the crystal structure of Fe7;Cusy; nanoparticles.

The powder diffraction patterns of primary and in-flight annealed FegyCuyy nanopar-
ticles are presented in Fig.3.5, and the results are collected in Table 3.4. The diffraction
pattern of primary FegyCuyo nanoparticles consists of bright pronounced rings correspond-

ing to the bce structure. There are also three weak rings associated with fcc Cu, marked by
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Figure 3.4: Powder diffraction pattern of (a) primary and (b) in-flight annealed Fe7;Cuss
nanoparticles.

Table 3.3: Powder diffraction analysis for primary and in-flight annealed Fe7;Cuss
nanoparticles

Fe75CUQ5 FC75CH25 bec Fe [142]
primary annealed (a=0.287 nm)
d,£ 0.002 nm | d,#£ 0.002 nm | plane | d,nm
0.201 0.201 (110) | 0.202
0.142 0.143 (200) | 0.143
0.115 0.116 (211) | 0.117
0.101 0.102 (220) | 0.101

violet arrows in Fig.3.5(a). The diffraction pattern of in-flight annealed FegoCuyq particles
(Fig.3.5(b)) contains pronounced rings corresponding both to bcc and fcc structures. The
results show that in-flight annealing has a significant impact on the structure of FegqCuyg
nanoparticles and promotes the formation of the fcc structure.

In the case of Feo;Cuy; nanocomposites, in-flight annealing has substantial impact on



Chapter 3: Phase segregation in metastable alloy Fe-Cu nanoparticles 83

primary /C%%})l) ‘ _annealed
C(ezzo)\ (b)

(a)JJI” ;

Fe(200) —

Cu(200)
- Fel(ll 10) ™~

Cu(110)——

Figure 3.5: Powder diffraction pattern of (a) primary and (b) in-flight annealed Feg,Cuyg
nanoparticles.

Table 3.4: Powder diffraction analysis for primary and in-flight annealed Feg,Cu, nanopar-
ticles. Red color indicates the weak reflection.

FegoCuyg FegoCuyg bee Fe [142] | fce Cu [143]
primary annealed (a=0.287 nm) | (a=0.362 nm)
d,£= 0.002 nm | d,=£ 0.002 nm | plane | d,nm | plane | d,nm
0.208 0.209 (110) | 0.202 | (111) | 0.208
0.181 0.184 (200) | 0.180
0.147 0.147 (200) | 0.143
0.131 0.130 (220) | 0.128
0.120 0.119 (211) | 0.117
0.111 0.111 (311) | 0.109

weak reflections

the crystal structure as discussed here. The diffraction pattern of primary Feo5;Cuys parti-

cles (Fig.3.6(a)) corresponds to the fcc Cu structure (see Table 3.5), while the diffraction
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pattern of in-flight annealed particles consists of rings corresponding both to bcc a-Fe and
fcc Cu and oxide (Table 3.5 and Fig.3.6(b)). The oxide is labeled as Cu,O, however the
formation of copper ferrite, Fe,Cu,O., cannot be excluded, since d-spacings of iron oxides

and copper ferrites are very close to each other (see [144]).
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Figure 3.6: Powder diffraction pattern of (a) primary and (b) in-flight annealed Feo;Cuys
nanoparticles.

Fig.3.7 shows a typical HRTEM micrographs of primary Fe75Cusys nanoparticles with
different shapes. Fig. 3.7(b) shows the FFT image obtained from the area of Fig. 3.7(a)
shown with the white square. The FFT image corresponds to bce iron. The d-spacing was
determined to be 0.204 £ 0.005 nm which corresponds to the interplane distance d;;9 of
bec iron (Table 3.3).

Fig.3.7(c) shows the HRTEM image of the primary spherical Fe;;Cusy; nanoparticle.
The FFT image (Fig.3.7(d)) corresponds to overlapping patterns of bcc iron and Fe3O4/~y-
Fe,03. The d-spacings were determined to be 0.202 £ 0.005 nm (reflections marked by

white circles) and 0.294 £ 0.005 nm (reflections marked by yellow circles) which corre-
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Table 3.5: Powder diffraction analysis for primary and in-flight annealed Feo;Cuzs
nanoparticles.

FeysCurs FeysCuys bce Fe [142] | fcc Cu[143] | CuyO [145]
primary annealed (a=0.287 nm) | (a=0.362 nm) | (a=0.427 nm)
d,£= 0.002 nm | d,£ 0.002 nm | plane | d,nm | plane | d,nm | plane | d,nm
0.247 (111) | 0.247
0.207 0.204 (110) | 0.202 | (111) | 0.208 | (200) | 0.213
0.182 0.186 (200) | 0.180
0.171 (211) | 0.174
0.160 (220) | 0.151
0.146 (200) | 0.143
0.128 0.128 (220) | 0.128
0.119 (211) | 0.117
0.108 0.110 (311) | 0.109

spond to interplane distances d;;y of bcc iron (dygp of iron oxide) and dssg of iron oxide,
respectively. The literature values are dsop= 0.295 nm of v-Fe,O3 and dyyp = 0.296 nm of
Fe30y4, dsoo = 0.208 nm for v-Fe, O3, and dygp = 0.209 nm for Fe3O,) [146], [147].

A similar result was obtained for the in-flight annealed Fe;5Cus; nanoparticles shown
in (Fig.3.7(e)). Fig.3.7(f) shows the FFT image obtained from Fig.3.7(e). The FFT image
also corresponds to overlapping patterns of bcc iron and Fe;O4/v-FeoOs. The d-spacings
were determined to be 0.201 4 0.005 (reflections marked by white circles) and 0.297 +
0.005 nm (reflections marked by yellow circles).

In all cases the particles are viewed along the [001] zone axis. HRTEM micrographs
show that all particles have a single-crystal core and an oxide shell.

The TEM image of the cubic primary FegyCuyy nanoparticle is shown in Fig.3.8(a).
The HRTEM image obtained from the particle-area marked with the red square is shown in
Fig.3.8(b) with the corresponding FFT inmage shown in Fig.3.8(c) which corresponds to a
bee Fe structure overlapped with the one of iron oxides (FesO,4 or v-Fe,O3). The measured
d-spacings d = 0.202 + 0.005 nm (reflections marked by white circles) and 0.293 £ 0.005
(reflections marked by yellow circles) correspond to the interplane distances d;;( of bee Fe

(d4gp of iron oxide) and dyy of iron oxide, respectively. The particle is viewed along [001]
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Figure 3.7: HRTEM micrographs of cubic (a) and spherical (c) primary Fe;5Cuss nanopar-
ticles. (¢) HRTEM micrograph of in-flight annealed Fe;;Cus; nanoparticle. (b) FFT image
obtained from the area in image (a) marked with white square. (d) FFT image obtained
from image (c). (f) FFT image obtained from image (e).

direction.
The spherical primary FegoCuyo nanoparticles (Fig.3.8(d)) has a bce Fe structure with d-
spacing d =0.203 4 0.005 nm (Fig.3.8(e)). The particle is viewed along the [111] direction.
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Figure 3.8: (a) TEM micrograph of the cubic primary FegCuyy nanoparticle. (b) HRTEM
image of the area marked with the red square in image (a). (c) FFT image obtained from
image (b). Fe,O, corresponds to one of the iron oxides: Fe3O, or v-Fe,03. (d) HRTEM
image of the spherical primary FegoCuyo nanoparticle. (e) FFT image obtained from area
marked with the white square in image (d).

As in the case of Fe;;Cusys, primary FegoCuyg nanoparticles consist of a single-crystal core
and a polycrystalline shell.

The TEM image of the in-flight annealed FegyCuyy nanoparticle is shown in Fig.3.9(a).
The HRTEM image of the particle’s core (area marked with the red square in image (a))
is presented in Fig.3.9(b). The corresponding FFT image (Fig.3.9(c)) shows reflections
(red circles) corresponding to the fcc Cu structure viewed along the [001] direction. The
d-spacings d = 0.182 + 0.005 nm correspond to (200) planes of Cu (see Table 3.3). The re-
flections marked with blue circles may either correspond to iron oxide (Fe3O,4 or y-Fe,Os3)

or result from the overlapping of bce Fe and iron oxide patterns. The d-spacings are 0.204
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Fe (400 Fe O))
0FeO,

Figure 3.9: (a) TEM micrograph of the in-flight annealed Feg Cuyy nanoparticle. (b)
HRTEM image of the area marked with the red square in image (a). (c) FFT image ob-
tained from image (b). Fe,O, corresponds to one of the iron oxides: Fe30,4 or y-Fe,0s.

4 0.005 and 0.295 + 0.005 nm correspond to the (110) planes of bcc Fe ((400) planes of
iron oxide) and (220) planes of iron oxide, respectively. Two interpretations of the FFT

image are possible:

1. Particles consist of an fcc core and an iron oxide shell,

2. Particle consists of a granular fcc+bcc core and iron oxide shell.

The first option, however, appears to be more likely. The particle-core (as seen in
Fig.3.9(b)) is single-crystal. Though minor crystal defects are present, no pronounced grain
boundaries can be seen.

Another in-flight annealed FegoCuy particles is shown in Fig.3.10 (a). The reflections
in the corresponding FFT image (Fig.3.10 (b)) marked with the white and yellow circles
belong to bee Fe structure overlapped with iron oxide (measured d-spacings d = 0.207 +
0.005 nm and 0.299 =4 0.005). In this case the set of reflections marked with blue arrows (d
=0.260 % 0.005 nm) allows to identify the iron oxide as y-Fe,O3 ( [148], also see Fig.4.3).

Fig.3.11(a) shows the HRTEM image of a primary a Fe,5Cuz; nanoparticle. The FFT

image obtained from the area marked by the white square is presented in Fig.3.11(b). The
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Figure 3.10: (a) HRTEM image of the in-flight annealed Feg,Cuyg nanoparticle. (b) FFT
image obtained from the area in image (a) marked with white square. Fe,O, corresponds
to one of the iron oxides: Fe3O,4 or v-Fe,O3.

bl :

et e oo

Figure 3.11: (a) HRTEM micrograph of a primary Fey;Cuy7s nanoparticle. (b) FFT image
obtained from the area marked with the white square in image (a).
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FFT image corresponds to the fcc Cu structure viewed along the [001] zone axis. The
measured d-spacing d = 0.184 + 0.005 nm corresponds to (200) planes of Cu (see Table
3.3).

Figure 3.12: (a,c) HRTEM micrographs of the same in-flight annealed Feo5Cuz; nanopar-
ticle obtained under different beam conditions. (b) FFT image of the area in the image (a)
marked with red square ”’1”. (d) FFT image of the area in the image (c) marked with green
square 72”.

After in-flight annealing, Feo;Cuys; particles are found to become polycrystalline and
consist of bce and fce crystals. HRTEM images of the same in-flight annealed Feo;Cuzs

particle measured under different beam conditions (focus and magnification) are presented
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in Fig.3.12(a). The contrast variation in the images indicates that the particle consists of an
oxide shell and a polycrystalline core. The core itself consists of two crystallites marked
by red and green squares. Fig.3.12(b) shows the FFT image obtained from the area marked
by the red square in Fig.3.12(a) (crystallite 1) which corresponds to bcc Fe viewed along
the [001] zone axis. Also, weak oxide reflections can be seen. The measured d-spacings is
d =0.202 4 0.005 nm correspond to (110) planes of bcc iron.

Fig.3.12(d) shows the FFT image obtained from the area in Fig.3.12(c) marked with
the green square (crystallite 2) . The diffraction pattern corresponds to fcc Cu viewed
along [011] zone axis. The d-spacings are d = 0.185 £ 0.005 and 0.210 + 0.005 nm
corresponding to the (200) and (111) planes of fcc Cu.

3.2 Phase segregation in metastable primary and in-flight

annealed Fe-Cu nanoparticles

The elemental distribution within individual Fe-Cu particles was studied by means of

spatially resolved EDXS line scans, 2D EDXS maps, and EFTEM mapping experiments.

3.2.1 Fe75 Cl125

Fig.3.13(a) shows a HAADF STEM image of the primary spherical Fe;;Cuys particle.
The corresponding EDX line-scan profile is presented Fig.3.13(b). One finds that iron
and copper are both present and relatively uniformly distributed in the particle core — the
region with the brighter contrast in Fig.3.13(a). The particle shell contains only iron and
no copper.

The HAADF STEM image of a in-flight annealed Fe;5Cus; nanoparticle is presented
in Fig.3.13(c). The corresponding EDX line scan (Fig.3.13(d)) demonstrates a clear maxi-
mum in Cu K-line profile indicating the formation of a copper-enriched region within the

particle.
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Figure 3.13: HAADF STEM images of (a) primary and (c) in-flight annealed Fe7;Cuss
nanoparticles. The red lines indicate the paths of electron beam during the scan. (b,d)
Line-scan profiles of characteristic x-ray absorption Fe and Cu K-lines as a function of
electron probe position on the particles in images (a) and (c), respectively.

HAADF STEM images of cubic and spherical primary Fe7;Cuys; particles with corre-
sponding two-dimensional distributions of x-ray Fe and Cu K-lines are shown in Fig.3.14(a)
and (b), respectively. In both cases (cubic and spherical) Fe;;Cusy; primary nanoparticles
consist of an Fe-rich shell and a Fe-Cu core. The Fe-rich shell is actually iron oxide as
concluded from HRTEM analysis and as indicated by a weaker Z-contrast in the STEM
image.

EDX mapping experiments performed on in-flight annealed Fe;;Cus; particles (Fig.3.15)
confirm a less uniform distribution of copper within in-flight annealed particles compared
to the primary particles. The Cu EDX map in Fig.3.15 shows two Cu-enriched areas in par-
ticle’s core, marked by red arrows, and one Cu-enriched area in the particle’s shell marked

by the white arrow. However, HRTEM analysis showed that both primary and in-flight
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Figure 3.14: HAADF STEM images of the primary (a) cubic and (b) spherical Fe7;Cuys
nanoparticles with corresponding elemental maps of characteristic x-ray absorption Fe and
Cu K-lines.

annealed particles have a single-crystal bcc core, which means that segregation in the core

part proceeds via spinodal decomposition [15].

3.2.2 Fe60Cll40

The HAADF STEM images of the primary and in-flight annealed FegoCuyo spherical
nanoparticles are presented Fig.3.16(a) and (c), along with corresponding line-scan profiles
of characteristic x-ray Fe and Cu K-lines shown in Fig.3.16(b) and (d) (lower parts), respec-
tively. The upper parts of Fig.3.16(b) and (d) show the local compositions of Fe and Cu
calculated from EDX spectra obtained for the line-scans. The uncertainty is about 3 at.%.
The local Fe and Cu concentration distributions in the central parts of the particles clearly
show oscillations with a local maximum of Fe concentration at positions corresponding to
a local minimum in Cu concentration. The amplitude of oscillations is larger in the in-flight

annealed particle.



Chapter 3: Phase segregation in metastable alloy Fe-Cu nanoparticles 94

- Fe-K C

Figure 3.15: HAADF STEM image of the in-flight annealed Fe;;Cusy5 nanoparticle with
corresponding elemental maps of characteristic x-ray Fe and Cu K-lines.

The line-scans also demonstrate that the primary particle’s shell mostly consists of iron,
while in the in-flight annealed particle copper appears to segregate to the surface. However,
as it will be shown below, this is not common for all particles.

The elemental distribution within FegyCuyy nanoparticles was further investigated by
means of EDX spectroscopy and EFTEM mappings. Fig.3.17 shows HAADF STEM im-
ages and corresponding two-dimensional distributions of x-ray Fe and Cu K-lines of pri-
mary FegoCuyg particles. Fig.3.18 shows zero-loss images of primary Feg,Cuyg particles
with corresponding EFTEM elemental maps of Fe and Cu obtained at Fe and Cu Ly ;-
edges. EDX and EFTEM elemental maps obtained for cubic primary Feg,Cuyy particles
(Fig.3.17(a) and Fig.3.18(a,b,c)) show an uniform distribution of Fe and Cu within the par-
ticles. However, in spherical nanoparticles (Fig.3.17(b), Fig.3.18(d,e,f) and (g,h,1)) phase

segregation and co-existence of Fe-rich and Cu-rich regions can be clearly seen, which
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Figure 3.16: HAADF STEM images of (a) primary (spherical) and (c) in-flight annealed
FegoCugo nanoparticles. The red lines indicate the path of electron beam during the scan.
(b,d)(Lower part) line-scan profiles of characteristic x-ray Fe and Cu K-lines and (upper
part) local composition of Fe and Cu as a function of electron probe position on the particles
in images (a) and (c), respectively.

means that phase segregation occurs through spinodal decomposition as in case of Fe7;Cuys
nanocomposites. EDX and EFTEM maps also show that particles’ shells mostly consist of
iron.

The elemental maps obtained for in-flight annealed Feg,Cu,o nanoparticles showed that
annealing promotes further segregation of iron and copper, also via spinodal decomposi-
tion. However, segregation becomes size-dependent. Fig.3.19 shows HAADF STEM im-

ages and two-dimensional distributions of x-ray Fe and Cu K-lines in in-flight annealed
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Figure 3.17: HAADF STEM images of the primary (a) cubic and (b) spherical FegoCuyg
nanoparticles with corresponding elemental maps of characteristic x-ray Fe and Cu K-lines.

Fe-K




Chapter 3: Phase segregation in metastable alloy Fe-Cu nanoparticles 97

Figure 3.18: (a),(d),(g) Zero-loss images of primary Feg,Cuyy nanoparticles. (b),(e),(h)
Corresponding Fe-L; 5 elemental maps. (c),(f), (1) Corresponding Cu-L; 3 elemental maps.
Elemental maps are presented in false colors.

particles with particle-size close to 20 nm. In both particles, separation of Fe-rich and Cu-
rich regions is observed. The contrast difference in elemental maps is more pronounced
than in the case of primary FegoCuyy and in-flight annealed Fe;5Cus; nanoparticles. How-
ever, copper is only observed in the particle core. It must be also noted that in the particle
shown in Fig.3.19(a), there are several, though interconnected, Cu-rich regions, while in
Fig.3.19(b), the nanoparticle’s core consists of a Cu-rich area surrounded by an Fe-rich
part.

Fig.3.20 shows a zero-loss image with corresponding EFTEM elemental maps of Fe and

Cu obtained at Fe and Cu L, 3 edges of a in-flight annealed FegoCuy particle with a size of
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Figure 3.19: (a),(b)HAADF STEM images of the in-flight annealed Feg,Cuyy nanoparticles
with corresponding elemental maps of characteristic x-ray Fe and Cu K-lines.
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Figure 3.20: (a) Zero-loss image of in-flight annealed FegoCuyy nanoparticle. (b) Corre-
sponding Fe-L, 3 elemental map. (c) Corresponding Cu-L; 3 elemental map. Elemental
maps are presented in false colors.

60 nm. The elemental maps show that while the particle core also consists of Fe-rich and
Cu-rich regions, some amount of copper segregates to the surface. This is consistent with
the line-scan shown in Fig.3.16(d) for a in-flight annealed Feg Cuy particle (Fig.3.16(c))

with a size of 50 nm.

3.2.3 Fe25 CU75

The HAADF image of the primary Feo;Cuz; nanoparticle and line-scan profile of the
characteristic x-ray Fe and Cu K-lines as a function of electron probe position on the parti-
cle are shown in Fig.3.21(a) and (b). The line-scan indicates a relatively uniform distribu-
tion of iron and copper within the particle.

The HAADF image and line-scan profile of the in-flight annealed Fe,5Cuz; particle are
presented in Fig.3.21(c) and (d). The iron K-line intensity has a single broad peak which
means that iron is not equally distributed within the particle and forms a large cluster within
the particle.

Fig.3.22(a) and (d) show zero-loss images of primary Feo5Cuy; particles with corre-

sponding EFTEM elemental maps of Fe (Fig.3.22(b) and (e)) and Cu (Fig.3.22(c) and (f)).
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Figure 3.21: HAADF STEM images of (a) primary and (c) in-flight annealed Feo;Cuys
nanoparticles. The red lines indicate the path of electron beam during the scan. (b,d)
Line-scan profiles of characteristic x-ray Fe and Cu K-lines as a function of electron probe
position on the particles in images (a) and (c), respectively.

EFTEM maps confirm the relatively uniform distribution of Fe and Cu in the primary parti-
cles. Also, some small pure Cu particles are present (e.g., the particle marked by the white
line in Fig.3.22(d)).

In in-flight annealed particles, for which the zero-loss images are shown in Fig.3.23(a)
and (d), either an iron-rich core and a copper-rich shell are formed (Fig.3.23(a,b,c)), or
copper segregates in one direction and an asymmetrical particle is formed (Fig.3.23(d,e,f)).
Large in-flight annealed Feo5Cuz5 particles may consist of several copper and iron clusters

(Fig.3.23(g,h,i)).
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Figure 3.22: (a),(d) Zero-loss images of primary Feo;Cu;s; nanoparticles. (b),(e) Corre-
sponding Fe-L, 3 elemental maps. (c),(f) Corresponding Cu-L; 5 elemental maps. Elemen-
tal maps are presented in false colours.

3.3 Fe-Cu nanoparticles: summary and discussion

Structure of primary Fe-Cu nanoparticles. The majority of primary Fe-Cu nanopar-
ticles consist of s single-crystal core and polycrystalline (oxide) shell. 90% of primary
Fe;;Cuys and FegoCuyg particles have spherical shape and the rest 10% are cubic. All
Fey5Cuzs particles are spherical. Iron-rich Fe;;Cusys nanoparticles (both cubic and spher-
ical) have a bcc alloy core, while copper-rich Feo5Cuzs are fcc. The HRTEM analysis
showed that the core of FegyCuyy particles has a bee structure. However, powder diffrac-
tion shows weak rings corresponding to fcc structure (Fig.3.5 (a)). Either small amount of
particles has fcc structure, or fcc diffraction rings are produced by Cu clusters in the oxide
shell. The observed structures coincide with the ones expected from the phase diagram of
metastable Fe-Cu alloys prepared by sputter deposition (Fig.1.14 (b)).

Oxide shells of Fe;5Cuss and FegyCuyg particles are predominantly iron-rich, though
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Figure 3.23: (a),(d),(g) Zero-loss images of in-flight annealed Fe,5Cu;s nanoparticles.
(b),(e),(h) Corresponding Fe-L; 3 elemental maps. (c),(f), (i) Corresponding Cu-L; 5 el-
emental maps. Elemental maps are presented in false colors.

Cu clusters are also present. Both Fe and Cu are present in the oxide shells of Feo;Curs
particles. This result is consistent with the investigation of of air oxidation of Fe-Cu alloys
presented in reference [150].

Structure of in-flight annealed Fe-Cu nanoparticles. After in-flight annealing Fe;5Cuss
particles preserve their bcc single-crystal core. The annealed Fe,;Cuys particles are poly-
crystalline and consist of bcc and fcc clusters. The annealed FegyCuy particles have a
single-crystal core, however, particle with both fcc and bce cores are found. All in-flight
annealed particles have spherical shape.

Phase segregation in Fe-Cu nanoparticles. Thermal treatment at 1273 K for 0.32 s
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Figure 3.24: Effective diffusion coefficients of Fe as a function of Cu concentration in
Fe-Cu alloys at 1000°C (white circles) and 900°C (black circles) [149].

promotes phase segregation in all samples, though its effect depends on the Cu concentra-
tion.The phase segregation in Fe;;Cusy; and FegoCuyg proceeds via spinodal decomposition.
In FegyCuyg the typical concentration oscillation and presence of Fe,.;.;-Cu and Fe - Cu,.;.,
is observed even in primary spherical particles. After in-flight annealing the amplitude

of oscillation increases and particles become less homogeneous. In most cases particle’s
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core consist of several intertwined iron-rich and copper-rich regions. However, in some
in-flight annealed Feg,Cuyq particles segregation occurs by forming a copper-rich core sur-
rounded by iron-rich shell (Fig.3.19 (b)); the latter is oxidized after exposing samples to
the atmospheric conditions. In the in-flight annealed Feo5Cuz; particles, almost complete
segregation of iron and copper is observed, which means that phase segregation proceeds
via nucleation and growth.

Apparently, the thermal stability of Fe-Cu nanoalloys decreases with increasing Cu
concentration. This can be explained by the increasing of iron diffusion rate in the Fe-Cu
alloy with copper concentration. Fig.3.24 shows the effective diffusion coefficients of Fe as
a function of Cu concentration in Fe-Cu alloys at 1000°C (white circles) and 900°C (black
circles). The values of the diffusion coefficients for Fe;5Cuss, FegoCuyg and Feo5Curs are:
Dre s FersCugs = 0.18 - 10712 cm?/s, Dpe s Fegocuse = 6-36 - 10712 cm?/s, Do peysCuns =
1.77 - 10~ cm?/s [149].

Several features like the presence of cubic nanoparticles in primary Fe;5Cuss and FeggCuyg
samples, different ways of segregation in in-flight annealed FegyCuyo and Feo;Cuz; nanopar-
ticles of the same size (see Fig.3.19 and Fig.3.23), and the presence of small pure Cu
nanoparticles in the Fe,5Cuz; sample can be explained by non-uniformity of plasma den-
sity (see Introduction: Factors influencing the properties of nanoparticles prepared by
magnetron sputtering.). For example, the cubic primary Feg Cuyg particles have uniform
distribution of Fe and Cu, while the spherical one show oscillation of Fe and Cu concen-
tration. It means that cubic particles are formed in a different thermal environment and
are cooled down faster. As a result the more homogeneous Fe-Cu alloy phase is stabilized

before segregation takes place.



Chapter 4

Structure, morphology, and ageing of

Fe-Ag Janus nanoparticles

In this chapter the structural properties and ageing of Janus Fe-Ag nanoparticles pre-
pared by DC magnetron sputtering with in-flight annealing at 1273 K are studied. The
two types of Janus Fe-Ag nanoparticles - dumbbell and “raspberry” (with corresponding
primary particles prepared under the same conditions but without annealing) were obtained

under preparation parameters listed in table 4.1.

Table 4.1: Preparation parameters of Fe-Ag nanoparticles

Sample Sputtering Nominal Total Gas mixture Annealing
target composition | gas pressure (flow rate) temperature
dumbbell ﬁr ((55% sccrrnn)) *
Iron target - = 273K
raspberry patched with six | Fe: 80 at.% 0.5 mbar Ar (50 scem)
cimar silver pieces (see | Ag: 20 at.% ' Ar (50 sccm) +
P Y dumbbell Fig.2.3) He (50 sccm) room
primary qspperry” Ar (50 scem) temperature

105
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4.1 Dumbbell Fe-Ag nanoparticles

4.1.1 As-prepared in-flight annealed Fe-Ag nanoparticles

Fig.4.1(a-d) shows four typical high resolution TEM micrographs of as-prepared Fe-
Ag nanoparticles produced in a gas mixture of Ar and He (introduced at a flow rate of
far=f =50 sccm) and in-flight annealed at 1273 K. The distinct contrast in the images
reveals the dumbbell-like shape of the nanoparticles consisting of one faceted part and
another part with a core-shell structure. The average particle dimensions (see Fig.4.1(d))
were determined to be a =10 4= 0.5 nm and b = 6 &+ 0.5 nm (faceted part), ¢ =12 + 0.5 nm
and d = 8 &= 0.5 nm (spherical core-shell part).

The contrast in Fig.4.1(a-d) indicates that the dark faceted part consists of or has a high
silver concentration due to the fact that the heavier element produces a darker contrast in
TEM bright field images. Consequently, the brighter spherical part is expected to have a
lower Ag concentration.

Fig.4.2(a) shows a HRTEM micrograph of Fe-Ag nanoparticle. FFT images obtained
from areas 1(faceted part) and 2(core of the spherical part) marked with white squares on
the micrograph are shown in Fig.4.2(b, c), respectively. The d-spacings determined from
the FFT image in Fig.4.2(b) are 0.243 £ 0.005 nm and 0.206 £ 0.005 nm, which corre-
spond, respectively, to the d-spacings of the {111} (white-encircled) and {200} (white-
framed) planes of fcc Ag. The lattice parameter is obtained as 0.408 £ 0.007 nm, which
agrees well with that of fcc Ag [151]. The beam direction B is parallel to [011].

The FFT image in Fig.4.2(c) can be interpreted as the sum of two overlapping diffrac-
tion patterns. The first pattern belongs to bcec Fe viewed in the [001] direction: white-
encircled spots give a d-spacing of 0.206 + 0.005 nm, which corresponds to the spacing
between {110} bcc iron planes. This gives a lattice parameter of 0.290 4+ 0.003 nm [152].
Thus, the Ag and Fe parts are found to lie epitaxially on the (001) plane (see Fig.4.2(d)),
whereby the Fe part is rotated by 45° around an axis perpendicular to the Ag lattice. The

Ag(001)<100>||[Fe(001)<110>epitaxial relationship is quite common, as it has a small
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Figure 4.1: (a-d) Typical TEM micrographs of as-prepared Fe-Ag nanoparticles in-flight
annealed at 1273 K. The dimensions a,b,c¢,d are shown on (d) by colored arrows.

in-plane mismatch of about 0.8% [153].

The yellow-encircled spots with d-spacings 0.287 &+ 0.005 nm correspond to the {220}
family of planes of iron oxide (either maghemite v-Fe,O3 or magnetite Fe;O,) [147, 148].
The spots corresponding to {400} oxide planes overlap with the spots corresponding to
{110} planes of bcc Fe. The spots marked with red arrows allow to identify the iron oxide
as y-Fe, 03 as they correspond to {130} planes which are only visible in the diffraction pat-
tern of maghemite. This is proved by CrystalMaker® simulations of Fe;O, and v-Fe,O3
diffraction patterns taken with the electron beam parallel to the [001] direction (Fig.4.3).

The measured d-spacing is 0.268 £ 0.005 nm is in agreement with the literature value of
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220 B: [001]

Figure 4.2: (a) HRTEM micrograph of an as-prepared in-flight annealed Fe-Ag nanopar-
ticle. (b) FFT image obtained from area ”1” marked with the white square in the image
(a). (c) FFT image obtained from area ”2” marked with the white square in the image (a).
White and yellow circles mark y-Fe,O3 {400} (Fe {110}) and {220} plane families, re-
spectively. Red arrows mark the ~-Fe,O3 {130} plane family. (d) HRTEM micrograph of
an as-prepared Fe-Ag nanoparticle with facets shown with colored lines.

0.264 nm [148], as well as the angle between (-130) and (-310) planes (measured value:
a(130) = 52 £ 1°, expected value: 53°). The epitaxial relationship between Fe and -Fe,O3
is Fe(011)<100> ||y-Fe203(001)<100>.

The structural analysis of the shell of the spherical part of the Fe-Ag nanocomposite in
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Figure 4.3: CrystalMaker® -simulated diffraction patterns of (a) Fe;O, and (b) y-Fe,Os.
The beam direction B is [001]. Diffraction spots are color coded by intensity from red (the
highest) to blue (the lowest).

Fig.4.4(a),(b) reveals that its structure also corresponds to y-Fe,O3 and Fe;O,4. The mea-
sured d-spacings 0.205 + 0.005 nm and 0.255 £ 0.005 nm correspond to {400} and {311}
planes of ~v-Fe,O3/Fe30,4 [147, 148], respectively. The measured angles o =35 4+ 1°, 5 =
72 £ 1° correspond to the angle between (-1-31) and (1-31) planes, and the angle between
(1-31) and (400) planes, respectively (see Fig.4.4(c), which shows the CrystalMaker®
-simulated diffraction patterns of maghemite and magnetite with the beam in the [031] di-
rection). The spots corresponding to the {130} planes of maghemite are not visible in the
diffraction pattern in Fig.4.4(b). However, their absence does not exclude the possibility of
maghemite formation.

The average chemical composition of the particles was measured to be C4, =21 £ 3
at.%, Cpe =79 + 3 at.%. Spectra were taken from 10 different particles.

To probe the local compositional distribution within the individual nanoparticles, spa-

tially resolved EDXS line-scans were performed on the Fe-Ag particles using a focused
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Figure 4.4: (a) HRTEM micrograph of an as-prepared in-flight annealed Fe-Ag nanopar-
ticle. (b) FFT image obtained from the area marked with the white square in image (a).
White circles and squares mark iron oxide {113} and {400} plane families, respectively.
(©) CrystalMaker® -simulated diffraction patterns of y-Fe;O3 and Fe;O,4. The beam direc-
tion B is [031]. Diffraction spots are color coded by intensity. The most intense reflections
are colored red, the least intense are colored blue (see inset).

electron probe of ~1 nm in the STEM mode. Fig.4.5(a) shows the HAADF STEM image
of two as-prepared dumbbell-shaped Fe-Ag nanoparticles. The contrast in HAADF STEM
images is highly sensitive to the atomic number of the scattering atoms, allowing to identify
the brighter part of the particle as silver and the less bright part as iron and iron oxides. This

is confirmed by EDX line-scans. The path of the electron probe is indicated by the arrow
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(Fig.4.5(a)). The extracted characteristic x-ray line-scan profiles are plotted in Fig.4.5(b).
The profile shows almost full segregation of silver and iron with a small overlap, which
may also be due to the finite size of the electron probe or to the non-parallel orientation of

the Fe-Ag interface with the electron beam.

—=—Ag-L

(b) —e—Fe -qK
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Scan position, nm

Figure 4.5: (a) HAADF STEM image of as-prepared Fe-Ag particles. The white dashed
arrow shows the path of the electron beam during the scan. (b) Line-scan profile of charac-
teristic x-ray Fe-K and Ag-L lines as a function of electron probe position on the particle.

The EDX spectra were obtained from various parts of the particles. Fig.4.5(a) shows the
HAADF STEM image of the as-prepared Fe-Ag nanoparticle. Red points mark the areas
from which EDX spectra (Fig.4.5(b),(c)) were taken. EDX spectrum obtained from the area
corresponding to the bright Ag part (Fig.4.5(b)) shows the absence of iron peaks, while the
EDX spectrum obtained from the core-shell area (Fig.4.5(c)) has no peaks corresponding
to silver.

These results indicate that full segregation of iron and silver occurs within the particle.
However, since the EDX method is limited to ~2 % compositional accuracy [138], up to 2

at.% Ag could reside inside the Fe and Fe-oxide part (and vice versa).
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Figure 4.6: (a) HAADF STEM image of an as-prepared Fe-Ag particle.(b) EDX spectrum
obtained from point ”1” in the image (a). (¢) EDX spectrum obtained from point ”2” in the
image (a).

4.1.2 Primary;,..,;.; Fe-Ag nanoparticles

Fig.4.7(a-d) shows four typical HRTEM micrographs of Fe-Ag particles prepared un-
der the same conditions as the particles described above, but without in-flight annealing
(primary g,mppen particles). HRTEM micrographs show that the particles are polycrys-
talline, spherical and partially oxidized. In some particles small clusters with Ag fcc struc-
ture could be identified. The inset in Fig.4.7(a) shows the FFT image obtained from the
area marked with the white square. The diffraction pattern in this FFT image corresponds
to fcc Ag viewed in [011] direction. The particle-size was found to vary from 14 to 23 nm
and the mean diameter was estimated to be d = 20.8 & 0.5 nm.

EDX measurements showed that both iron and silver are present within the particle, and
the average concentrations C of silver and iron were found to be C4, =23 4= 3 at. %, Cp, =
77 + 3 at.%. Spectra were measured for 10 different particles. EDX line-scans shown in

Fig.4.8(b,d) reveal partial segregation of Fe and Ag within the particles.
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Figure 4.7: (a-d)Typical TEM micrographs of as-prepared primary g, spen; FE-Ag nanopar-
ticles. (a, inset) FFT image obtained from the area of the image (a) marked with the white
square.

4.1.3 Aged in-flight annealed dumbbell Fe-Ag nanoparticles

Fe-Ag nanoparticles in-flight annealed at 1273 K were also analyzed after storage for 5
months under ambient atmospheric conditions. Fig.4.9 shows two typical micrographs of
the aged Fe-Ag in-flight annealed particles. After ageing, some particles have divided into
two parts (Fig.4.9(a)) and others still possess the dumbbell morphology (Fig.4.9(b)). The
contrast distribution in Fig.4.9(b) indicates void formation inside the particle.

HRTEM micrographs of Fe-Ag nanoparticles with corresponding FFT images are shown
in Fig.4.10. The FFT image (Fig.4.10(c)) obtained from area 1" in Fig.4.10(a) shows the
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Figure 4.8: (a,c) HAADF STEM images of as-prepared primary j,..oei; Fe-Ag particles.
The red lines indicate the path of the electron beam during the scan. The scan direction is
shown by white arrows. (b,d) Line-scan profiles of characteristic x-ray Fe-K and Ag-L lines
as a function of electron probe position on the particles in images (a) and (c), respectively.
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Figure 4.9: Dumbbell Fe-Ag nanoparticles after ageing. (a), (b) TEM micrographs of the
aged in-flight annealed dumbbell Fe-Ag nanoparticles.
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Figure 4.10: Dumbbell Fe-Ag nanoparticles after ageing. (a), (b) HRTEM micrographs of
the aged Fe-Ag nanoparticles. (c) FFT image obtained from area 1 in the image (a). (d)
FFT image obtained from area ”2” in the image (b). (a, inset) Magnified image of area ’1”.

spots corresponding to {200} (white-squared) and {121} (white-circled) planes with d-
spacings 0.234 + 0.005 nm and 0.192 £ 0.005 nm (literature values are dspy = 0.236 nm,
di21 = 0.193 nm) giving a lattice parameter of 0.472 £ 0.007 nm, which matches well with
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the lattice parameter of Ag,O with a=0.473 nm [154]. Fig.4.11 shows the crystal structure
of silver oxide and the CrystalMaker® -simulated diffraction pattern (beam direction B is

parallel to [012]).

200

Figure 4.11: (a) C@stal structure of Ag,O. White spheres correspond to Ag, red to O atoms.
(b) CrystalMaker™ -simulated diffraction pattern with beam direction B in [012]

The results show that the faceted fcc Ag parts of as-prepared dumbbell composites
evolve into spherical Ag,0O particles, and in some cases, they are separated entirely from
the rest of the composite. The Ag,O particles are not single-crystalline but possess a twin
structure. The diffraction pattern in the FFT image in Fig.4.10(d) is identical to the one in
Fig.4.2(b) and shows that the core part corresponding to area ”2” in Fig.4.10(b) is fcc Ag.
The Ag part in the core is single crystalline.

HRTEM images indicate that the larger part of the nanocomposite has a core-void-shell
structure with the shell thickness varying from 2.4 to 4 nm, as will become more evident
from EDX analysis results presented below.

Fig.4.12(a) and (b) show HAADF STEM images of two aged Fe-Ag particles with cor-
responding EDX line-scan profiles in Fig.4.12(c) and (d). Fig.4.13(b) and (c) show two-
dimensional maps of x-ray Fe and Ag lines in the aged Ag-Fe particle in Fig.4.13(a). The
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Figure 4.12: Dumbbell Fe-Ag nanoparticles after ageing. (a),(b) HAADF STEM images
of the aged Fe-Ag particles. The white dashed arrows show the path of the electron beam
during the scan. (c),(d) Corresponding line-scan profiles of characteristic x-ray Fe-K and
Ag-L lines as a function of electron probe position on the particle. The brighter parts
correspond to Ag. The darker parts correspond to iron oxide.

RGB image constructed by superimposing Fe and Ag maps is presented in Fig.4.13(d).
The measurements were performed using a double Cs-corrected JEOL JEM-2200FS mi-
croscope [155]. According to the line-scans and the elemental mapping, the bright regions
in Fig.4.12(a) and (b) correspond to silver, and the darker regions consist of iron. This
is consistent with the HRTEM analysis and confirm the aforementioned assumptions on
structure and morphology of the aged particles.

However, HRTEM images and EDX line-scans provide only a two-dimensional projec-
tion of the nanocomposites, so it is possible that the silver part is located on top of the iron
oxide particle. To prove that the Ag-void core is indeed situated inside the coated Fe-oxide

shell, the three-dimensional morphology of a particle was studied by means of 3D electron
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Figure 4.13: Dumbbell Fe-Ag nanoparticles after ageing. (a) HAADF STEM images of
an aged Fe-Ag particle. (b)Corresponding elemental map of the characteristic x-ray Fe-K
line. (c) Corresponding elemental map of characteristic x-ray Ag-L line. (d) RGB image
constructed by superimposing Fe and Ag maps.

Figure 4.14: Dumbbell Fe-Ag nanoparticles after ageing. (a) Tilt series images of an aged
Fe-Ag particle. The particle is rotated around a horizontal axis, lying in the plane of the
figure, in the direction shown with the arrow head’ and 'nock’. The brighter part corre-
sponds to Ag. The less bright part is iron and iron oxide. (b) 3D reconstructed image of an
aged Fe-Ag particle with color segmentation.
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tomography. A tilt-series of images of the aged Fe-Ag nanoparticles rotated in 2° tilt-steps
in a + 65° angle-range was acquired with a FEI TEAM 1 microscope at the National Cen-
ter for Electron Microscopy, Berkeley, CA [155]. Fig.4.14 (a) shows a 3D reconstruction
for six projections of an aged Fe-Ag particle rotated around the horizontal axis lying in
the plane of the figure in the direction shown with the arrow "head’ and 'nock’. Fig.4.14
(b) presents a 3D reconstructed image of an aged Fe-Ag particle with color segmentation,
where the 3D features stand out more clearly. The colors were assigned to silver, silver ox-
ide and iron oxide parts of the particles taking into consideration HAADF STEM contrast
and results of EDX spectroscopy measurements. A video showing the continuous rotation
of the particle and the details of the 3D morphology of the particle is attached to this the-
sis. The results of the tomography measurements prove that the silver cluster (bright part) is

positioned inside the iron oxide shell. The silver cluster possesses an irregular morphology.

4.2 Fe-Ag nanoparticles with ’raspberry’’ morphology

4.2.1 As-prepared in-flight annealed Fe-Ag nanoparticles

Fig.4.15 shows a TEM micrograph of as-prepared Fe-Ag particles in-flight annealed at
1273 K with corresponding size distribution (inset). These particles were produced in the
presence of Ar with a flow rate of f 4, = 50 sccm. The contrast in Fig.4.15 (for example,
particles 1, 2 and 3) indicates that particles consist of a spherical part and a small amount
of material located on its top; the so-called “raspberry” morphology [42]. The best fit for
the particle size distribution, measured for the spherical part of the nanocomposite, is given
by a normal distribution:

1 (B=Dm

fD:a %e*% =), 4.1)

Here, parameters D,, and o denote the geometric mean particle diameter and geometric

standard deviation, respectively. The expected value <d> (‘“‘average”particle diameter) is
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Figure 4.15: TEM micrograph of as-prepared in-flight annealed “raspberry” Fe-Ag
nanoparticles. The inset shows the particle-size distribution.

equal to D,,, and the standard deviation A= o2. The value of the geometric mean particle
diameter, which in this case is the average diameter, is D,,,=<d>=9 + 1 nm. The geometric
standard deviation and the standard deviation are found to be o = 0.9 & 0.5 nm 2 and A=0.8
4 0.1 nm, respectively.

The size of the small silver parts of the “raspberry” was measured using HRTEM im-
ages (approximately 25) and varied from 2.5 to 4 nm. The size varied not only from particle
to particle, but also within a single particle.

The typical HRTEM image of a “raspberry” Fe-Ag particle is shown in Fig.4.16(a).
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Figure 4.16: (a),(d) Typical HRTEM micrographs of as-prepared in-flight annealed “rasp-
berry” Fe-Ag nanoparticles. (b) FFT image obtained from the area marked with the red
square in the image (a). (c) FFT image obtained from the area marked with the green
square in the image (a). (¢) FFT image obtained from the area marked with the blue square
in the image (d).
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Here also, the contrast indicates four small parts surrounding the core-material (one of
them marked with the red square). The FFT image obtained from the area marked with the
red square is shown in Fig.4.16(b). The measured d-spacings are 0.237 + 0.005 nm (white-
encircled spots) and 0.207 + 0.005 nm (spots marked with white squares) and correspond
to {111} and {200} planes of fcc Ag, respectively. The lattice parameter is found to be
0.410 +£ 0.007 nm, which agrees well with the literature value for fcc Ag [151]. The beam
direction is parallel to [011].

The FFT image obtained from the “core” of the particle (area marked with the green
square) is shown in Fig.4.16(c). The d-spacings corresponding to the diffraction spots
marked with white circles are estimated to be 0.211 £ 0.005 nm (corresponding to {400}
planes of Fe;O0,4/v-Fe,0O3) and 0.298 £ 0.005 nm for reflections marked with yellow circles
(corresponding to {220} planes of Fe30,/v-Fe;03). The beam direction is parallel to [001].
The FFT image in Fig.4.16(c) may be interpreted as the sum of two overlapping bcc Fe
and Fe3;04/~-Fe,03 diffraction patterns. The particle in Fig.4.16(a) may consist of an Fe
core and a Fe3O,/v-Fe,O3 shell with silver parts on top or the Fe part may be completely
oxidised. The latter is, however, less likely because fully oxidized Fe particles of such size
would have pores [156] (see discussion section). TEM investigation showed no such pore
formation at any magnification.

Fig.4.16(d) shows another HRTEM micrograph of a “raspberry” Fe-Ag particle. The
FFT image obtained from the area marked with the blue square in Fig.4.16(d) is presented
in Fig.4.16(e). The d-spacings corresponding to the diffraction spots marked with white
circles are 0.207 £+ 0.005 nm which is in good agreement with the d-spacing values for bcc
Fe {110} planes [152]. The absence of spots which would correspond to {220} planes of
iron oxide confirms the presence of a pure iron core.

The chemical composition of the particles was determined to be C4, = 16 £ 3 at.%,
Cre = 84 £ 3 at.%. Spectra were taken from 10 different regions of about 250 nm in
diameter and the average was determined. The investigation of the elemental concentration

distribution within the particle was not possible because Fe-Ag particles were found to be
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unstable under the high intensity electron beam which is required for EDX and EFTEM
line-scans and mapping. Still, HRTEM analysis along with the fact that particles contained
both silver and iron allows to assume that as-prepared in-flight annealed Fe-Ag particles
prepared without He possess the “raspberry” morphology: small silver pieces attached to

the iron-iron oxide core-shell spherical part.

4.2.2 Aged in-flight annealed Fe-Ag nanoparticles

Figure 4.17: ”Raspberry” Fe-Ag nanoparticles after ageing. TEM micrograph of aged in-
flight annealed Fe-Ag nanoparticles.

The “raspberry” Fe-Ag particles were stored under the same conditions as the dumbbell
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ones, but it was found that the raspberry particles attained their aged state more rapidly than
the dumbell particles. While dumbbell particles preserved their morphology and structure
for at least two months, the “raspberry” nanocomposites aged completely during this time.

The TEM image of the aged Fe-Ag nanoparticles is shown in Fig.4.17. These are
spherical with a core-shell structure (e.g. p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>